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ABSTRACT:
The aim of this research was to provide a 3D dose verification of intensity modulated
radiation therapy using an a-Si EPID for patient pre treatment verification.

Current verification methods for IMRT include point doses and 2D dose verification of field
by field or composite plans by using a combination of ionisation chambers, film and 2D
detector arrays. These dosimetric methods do not provide a complete 3D data set for
comparison with the radiation therapy treatment planning system. Another alternative
method is using dose projections measured with the EPID compared to the calculated TPS
dose projections.
The method reported here is an extension of the original 3D method, EPIdose1. EPIdose
recreates the dose in the midplane of a virtual cylindrical phantom for each IMRT from
EPID images acquired without any phantom present. This method uses a kernel
optimisation at one depth of 10 cm.

This has been extended in this work to optimise the kernel for other depths. These
methods were compared using Chi analysis. A further step was to include a 2D Gamma
analysis to compare EPIdose to the Eclipse TPS dose calculation, EPIdose to film, and
film to the Eclipse TPS dose calculation.

Results show that the implementation of the depth dependent kernel gave an overall
improvement of the original kernel in EPIdose. In some cases the depth dependent kernel
and the original kernel gave comparable results and in only one case there was a small
advantage with the original kernel.

1

W. Ansbacher, “Three-dimensional portal image-based dose reconstruction in a virtual phantom
for rapid evaluation of IMRT plans,” Med. Phys. 33, 3369 – 3382 (2006).
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Chapter 1:

1.1

INTRODUCTION

Radiotherapy Overview

Cancer is a group of diseases that is described by an uncontrolled growth and spread of
abnormal cells1. Statistics show that in 2005, there were 34,227 new cases of cancer
diagnosed in NSW (excluding squamous and basal cell skin cancer) with an expected
increase to 37,550 cases in 20072. In 2005 there were 12,513 deaths which was expected
to increase to 12,998 in 20072. A new report has shown that in 2007, there were 36,043
new cases of cancer diagnosed in NSW with an estimated number of new cases in 2011
to be 39,872. In 2021 the estimated number of new cases in NSW is 50,9673. The number
of cancer deaths in 2007 was 13,227 with an expected increase to 13,782 by 2011 and
15,190 by 20213.

Cancer is usually treated with external beam radiotherapy, surgery, chemotherapy or a
combination of these. The focus of this project is on external beam radiotherapy using
photon beams commonly referred to as megavoltage (MV) x-ray beams. The photons
generate electrons predominantly by Compton interactions and these electrons cause
DNA damage either by direct interaction or indirect interaction via hydroxyl free radical
production.

The aim of radiotherapy is to irradiate a diseased volume with radiation while sparing the
normal tissue and organs that surround this volume. The location of the tumour volume
can impact on the type of treatment that is going to be used. The tolerance of normal
tissue to radiation needs to be taken into account by the Radiation Oncologists. Work
carried out by Rubin and Cassarett has been widely used for the probability of 5% and
50% complication within five years from treatment4. A study lead by Emami progresses
this work to include the gradations of dose across the volume of organ been addressed5.

1.2

Photon Interactions

There are 5 basic ways that an x-ray photon can interact with matter. These processes are
Coherent scattering, Photoelectric effect, Compton scattering, Pair production and
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Photodisintegration. These interactions are described in detail elsewhere6-9 but a brief
outline is also given here. Compton scattering is the dominant interaction relevant to mega
voltage radiation therapy.

Coherent scattering is when radiation undergoes a change in direction without changing
the wavelength. It can be thought of as absorption of radiation, vibration of the atom, and
then the emission of that radiation as the atom returns to its stable state. This does not
cause ionization, only a change in direction of the incident photon. This process is of less
importance in radiotherapy.

The photoelectric effect starts when an incident photon interacts with an electron in orbit.
This incident photon has energy greater than the binding energy of the electron. As a
result of this, the photon is absorbed because it gave all of its energy to the electron which
is now a free photoelectron.

The atom is now left with a hole in the inner shell and so an outer shell electron drops into
the hole and as a result gives up all its energy in the form of an x-ray photon. The photons
energy is characteristic of each element and so the radiation that is produced by this x-ray
photon is known as characteristic radiation.

If the incident photon has an energy that is close to or just above the electron binding
energy then the probability of interaction is greater. The photoelectric effect becomes more
dominant in elements with higher atomic number due to the Z3 dependence. As there are
more electrons present in lower energy atomic shells, the probability of photoelectric
absorption increases with decreasing photon energy.

The third interaction that is usually the most dominant at MV energies is Compton
scattering. An incident photon with high energy interacts with an outer shell electron and
ejects this electron from its orbit. The photon is then deflected by this collision in a new
direction and with a new lower energy, as scatter radiation. The deflected electron has
some of the energy from the incident photon in the form of kinetic energy.
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The amount of energy that the deflected photon retains depends on the initial incident
energy and the angle of deflection from the electron. If the angle of deflection is large then
the recoil electron will have a large amount of the energy.

The probability of Compton interaction depends on the absorbers electron density and the
incident energy. Compton interaction slowly decreases with increasing photon energy and
is almost independent of atomic number.

The fourth interaction is pair production. In this process, a high energy photon interacts
with the nucleus causing the photon to disappear. The energy of the photon is converted
into an electron-positron pair. Since this process produces two masses, the energy of the
incident photon must exceed the equivalent energy of these masses. The mass of an
electron is 0.511 MeV, and so the photon energy must be greater than two times this
amount and is said to have an energy threshold.

The probability of pair production occurring depends on the energy of the photon. If the
energy is less than the threshold energy, the interaction will not occur. The probability
increases as the energy above the threshold energy increases.

The final interaction discussed is photodisintegration. In this reaction a high energy
photon, with energy greater than 10 MeV, is absorbed in the nucleus of an atom. As a
result there is an emission of a neutron, proton, or an alpha particle.

The probability of this reaction taking place is much smaller than any of the other
reactions, and the total contribution to the attenuation coefficient is also small. The
concern about this type of reaction occurring comes into play within the treatment room
and the surrounding areas. Since neutrons are produced through this interaction, they can
cause a health hazard. The design of treatment rooms, and in particular the use of neutron
doors, is important for this reason to absorb the neutrons that are produced.

1.3

Electron Interactions

An electron that travels through matter can interact with atomic orbital electrons and
atomic nuclei through what are known as Coulomb interactions. When these electrons
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interact, they can lose their kinetic energy by radiative and collision losses or change
directions by scattering. These interactions are described in detail elsewhere6-9 but a brief
outline is also given here.

The collision between the electron and either the orbital electron or nucleus, can be either
inelastic or elastic. An inelastic collision occurs when the electron is deflected from its
original path and as a result some of the electrons energy is transferred to the orbital
electron or emitted as bremsstrahlung. An elastic interaction occurs when the electron is
deflected but no energy loss takes place.

The two different interactions that can occur with electron, as stated above, is an electron
– orbital electron interaction, and an electron – nucleus interaction.
In an electron – orbital electron interaction, the Coulomb interactions result in the
ionisation and excitation of the atoms. For ionisation to occur, the orbital electron is ejected
from the atom, and for excitation the orbital electron is transferred from the allowed energy
shell to a higher energy shell.
In an electron – nucleus interaction, the Coulomb interaction results in the electron
scattering and also in a loss of electron energy which produces x-ray photons. These xrays are described as Bremsstrahlung x-rays.

1.4

Radiation dosimetry

Dosimetry uses the energy deposited in a medium due to ionising radiation such as
photons and electrons to create a biological effect in radiotherapy. These particles that
traverse through media have some energy. The number of particles that cross a defined
unit of area is known as the fluence and the sum of all these particles and their energies
crossing an area is known as energy fluence.

Absorbed dose is used to describe the quantity of radiation for all types of ionising
radiation. It is the mean energy imparted by ionising radiation to material of unit mass and
is given by the ratio of mass energy absorption coefficient and the mass energy transfer
coefficient in air multiplied by the kerma in air7. Therefore dose is related to the fluence by
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the concept of kerma, as kerma is the energy fluence multiplied by the mass energy
transfer coefficient8. The accepted unit given to absorbed dose is a Gray (Gy) with 1 Gy
equal to 1 Joule/kg.

Dosimetry is used by Physicists in radiotherapy to measure or predict the absorbed dose
in various tissues of a patient undergoing radiotherapy. This happens by measuring the
dose deposited in a water equivalent phantom using a suitable radiation detector and then
applying the beam data and patient data to predict the dose to any point in the patient.

1.5

IMRT Overview

IMRT is a specialised radiotherapy technique used to treat many cancers which are
usually close to organs at risk (OAR)10,11. In IMRT, the linear accelerator delivers a
spatially non uniform dose distribution per field to the patient during treatment which
results in a uniform dose distribution to the tumour/target site, when all dose distributions
from different gantry angles are combined.

The tumour and target sites are defined in the ICRU Report 62. The gross tumour volume
(GTV) is the gross demonstrable extent and location of the malignant growth which
consists of the primary tumour or other metastases. The clinical target volume (CTV) is a
tissue volume that contains a demonstrable GTV and/or sub clinical malignant disease.
The planning target volume (PTV) is a geometrical concept used for treatment planning
which accounts for patient setup, and it is defined as an expansion of the CTV volume that
is made to ensure that the prescribed dose is actually delivered to the CTV. The irradiated
volume (IV) is the tissue volume that receives a dose that is considered significant in
relation to normal tissue tolerance12,13.

1.6

Multi leaf collimator (MLC)

The linear accelerator used in this project was a Varian 21eX clinical linear accelerator
with photon beam energies of 6 and 18 MV and Millennium Series 120 MLCs. Mounted to
the linear accelerator by a retractable arm was the electronic portal imaging device (EPID)
used to collect measurements for this study.
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MLCs are mounted in the linear accelerator treatment head and the leaves are typically
made of tungsten. MLCs are used to create irregular shaped blocked fields in 3D CRT and
to create a series of in field segment shapes for IMRT. Each leaf and carriage drive is
independently controlled. For a more detailed description on the design of MLC for specific
vendors the reader is referred to the AAPM report TG5014.

IMRT depends on the leaf position in two respects. The first is the width of the gap
between two opposing leaves which directly effects dosimetric accuracy and the second is
the position of the gap which effects the spatial distribution of the fields relative to the
anatomy15. The spatial accuracy is most relevant in high dose gradient regions which may
align with critical structures and/or combine with dose gradients from other fields.

1.7

Inverse and forward planning

There are two types of planning procedures that are used in radiation therapy TPS. They
are forward and inverse planning. Forward planning is an interactive approach relying on
human parameter selection where as inverse planning uses computer optimisation
algorithms to achieve the desired outcome.

In forward treatment planning, the beam geometry is first defined by the treatment planner
followed by calculation of the 3D dose distribution16. After a review of the dose distribution,
the plan is improved by modifying the initial beam geometry parameters to get a better
dose distribution over the target volume and/or decrease the dose in the organs at risk.
This process is repeated until an acceptable plan is generated.

Forward planning is commonly used for 3D CRT plans but the same process can be
applied to create simple, low segment number intensity modulated treatment plans. It
involves acquiring an imaged data set of the patient using CT scans. The tumour volumes
are then outlined with anatomical features of interest and points included within the plan
for use in planning the treatment. The next step is to decide on the beam modality, the
dose prescription & fractionation schedule, the beam energy, how many fields to use, and
if any beam modifiers are to be included.
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Once this is determined the next step is to compute and obtain a preliminary plan of the
treatment showing the dose distribution for each beam with a relative weighting being
adjusted for optimal coverage of the isodose lines to the target volume whilst sparing
normal tissue and critical structures. Shielding also helps reduce dose to non cancerous
regions. Once the treatment plan is accepted, a full computation using a
superposition/convolution dose algorithm is usually used to estimate isodose maps and
DVHs with the final monitor units (MU) per field calculated by the TPS computer.

Multiple beam segments are needed with a higher level of intensity modulation when trying
to conform the isodose plots to an irregular shaped target. When this occurs, forward
planning becomes more tedious and impractical and so inverse planning techniques
becomes useful17.

In inverse treatment planning, the dosimetric goals are specified first, and then the
computer system adjusts the beam parameters iteratively to reach the desired outcome.
After a review of the optimised dose distribution the initial goals may need to be modified16.

The computer optimisation first divides each broad beam into many beamlets and then
iteratively adjusts the relative weight of each beamlet. A score which is defined by the cost
function evaluates the effectiveness of the plan relative to the dosimetric goals.

A difference between forward planning and inverse planning are that in inverse planning
the plan quality is evaluated by a score defined by the cost function and the number of
parameters adjusted by the computer is large18.

1.8

IMRT techniques for plan delivery

The dynamic sliding window IMRT approach to delivery uses a fixed gantry position where
the opening formed by each pair of opposing MLC leaves is swept across the target
volume under computer control, with the radiation beam on, to produce the desired fluence
profiles16. The implementation of this delivery is slower than the alternative step and shoot
delivery because more MUs are required to be delivered. This technique also requires very
accurate leaf positions during beam on time.
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Step and shoot IMRT uses a series of multiple segment fields, in which each field consists
of a series of MLC shapes (segments). As the leaves step to a new segment position, no
dose is delivered. The multiple segment fields are set up at selected static gantry angles.
The radiation is turned on only when the MLC leaves have stopped at each prescribed
segment position16.

1.9

Advantages and Disadvantages of IMRT

IMRT offers a better target and normal tissue dose distribution but at the expense of time
and resources. IMRT is a solution for complex planning problems in which the surrounding
organs at risk have placed severe constraints on the prescription dose. It provides the
possibility of dose escalation due to the highly conformal beams17.

With IMRT, more care is needed with the target delineation of the CTV because the beams
conform precisely to the target volume. There is also an increase in the number of organs
contoured when compared to 3D CRT to take advantage of computer optimisation. Better
patient immobilisation is required for IMRT than for 3D CRT to minimise patient motion and
create a reproducible setup. When implementing IMRT, there is an increase of machine
specific quality assurance (QA) and patient specific QA on a per patient basis when
compared to 3D CRT which may reduce the number of patients treated on a machine due
to the increase in workload. Adequate understanding of radiobiological characteristics,
dose, dose-volume, and functional characteristics of normal tissue is critical in prescribing
IMRT treatments18.

1.10

IMRT Dosimetry

A challenge for dosimetry of IMRT small segments is the effect of detector size, lack of
lateral electronic equilibrium and steep dose gradients. Steep dose gradients are a
challenge for accurate dosimetry as small differences in detector placement results in
large changes in readings and the detector size can be too large to sample a small dose
gradient.
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Dosimetric verification of an IMRT plan can involve each beam being individually
measured or a composite treatment plan being measured in a phantom geometry. The
advantage of verifying the composite plan is that the dose distribution is similar to the
original plan and there are less steep dose gradients in the composite dose distribution.

Absolute dose measurements are usually carried out in a water equivalent phantom. The
beam angles and intensity patterns are transferred from the patient plan to a phantom and
then the doses in the phantom are calculated. An ionisation chamber is often used for the
point dose measurements and compared to the treatment planning system.

Two-dimensional (2D) dose measurements are usually carried out using radiographic film
within a phantom or with 2D diode or ion-chamber arrays19,20. These arrays suffer from
large pixel size and very low sampling resolution. Radiographic film has very high
resolution limited only by the digitiser system used. Radiochromic film is increasingly being
used in IMRT QA21. A film calibration is required to convert film optical density into dose.
The beam angles in the plan can be maintained as in the absolute dose measurements or
transferred to a fixed gantry angle. Both composite and individual beam measurements
can be obtained.

IMRT is a very complex delivery technique compared to 3D conformal radiotherapy. Due
to many small segments being delivered it has evolved that patient specific QA checks are
undertaken for IMRT22.

Two tools used in this project as dosimeters are radiographic film and EPIDs. Properties of
radiographic film as a dosimeter are discussed in the following sections, followed by a
discussion about EPIDs.

1.11

Gamma and Chi analysis

A quantitative comparison of 2D dose distributions directly compare measured and
calculated values. In the region of low dose gradients, doses are compared directly with an
acceptable tolerance level placed on the differences. When displayed, this can map the
areas where calculated doses disagree with the measured values. In high dose gradient
regions, a small spatial error can give rise to a large difference in dose values between
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measured and calculated doses. However, this difference may be relatively unimportant.
The concept of distance-to-agreement has been introduced and is used in high dose
gradient regions23,24.

The distance-to-agreement (DTA) is the distance between a measured data point and the
nearest point in the calculated dose distribution that exhibits the same dose23. The dose
difference is the general difference between dose values on the measured and calculated
distribution at the respective positions24. A composite analysis has been developed by
Harms et. al.24. This analysis uses pass-fail criteria that incorporate both the dose
difference and DTA.

For each point in the reference dose (e.g. TPS calculation) the dose difference and
distance-to-agreement to each surrounding point in the measured dose distribution is
calculated. An ellipsoid is selected as the surface representing the acceptance criteria in
both dose and distance-to-agreement. If both the dose difference and distance-toagreement for the reference point fall within this ellipsoid then the Gamma is less than 1 or
a pass.
The formulae for the Gamma are given by Low et. al.23. For each point

,

(1.1)

where

and

is the difference between dose values on the calculated

and measured distribution. The pass-fail criteria therefore become

There are two problems with this γ-evaluation method when trying to extend to 3D
analysis. The first is many points need to be searched in the calculated data set and
second is that if the data is coarsely spaced, interpolation is required giving rise to more
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evaluation data points25. An equivalent criterion has been developed by Bakai et. al. that
derives the acceptable local dose errors from the laws of propagation25.

This new method, Chi function, uses an envelope of the ellipses to form a tube around the
reference profile. To determine the minimum distance of a point, the dose data analysis is
now with respect to the tube envelope. The value of Chi provides a quantitative measure
for the agreement of two dose points. The evaluation of each pair of measurement and
reference data points takes place in the same grid point and so no search is required. The
Chi function is evaluated at a point using a weighting factor that compensates for the
increased discrepancies due to high dose gradients. The Chi function is given by:
2
2
  D / Dtol
 rtol
D

2

(1.2)

A Chi function less than 1 represents a difference within the combined tolerance.
A weighted dose difference can be defined by multiplying χ by the dose
tolerance,

DW  Dtol , with the gradient term then forming a dimensionless weighting

factor

1.12

.

Radiographic film Overview

Radiographic film consists of an active layer that is radiation sensitive and is coated on
both sides of the film. This active layer is known as the emulsion layer. The base is a
transparent sheet of plastic to which the emulsion layer is attached.

The purpose of the base is to simply provide a support for the emulsion layer. The base
must not absorb too much light, must be flexible and strong enough for processing, and
must also not change in shape or size during the development process.

The emulsion consists of two ingredients which are gelatine and silver halide. This layer is
thin so that light can penetrate to greater depths. The gelatine keeps the silver halide
grains distributed throughout the medium and prevents any clumping. The processing
solution can penetrate the gelatine and not affect the strength or flexibility. The silver
halide is the sensitive material.
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1.13

Image formation

An image is formed from the direct absorption of electrons when photons interact with the
silver halide. The electrons are ejected by photoelectric interaction or Compton scattering.

The ejected electron moves around until it becomes trapped. This trapping of the electron
causes the site to become negatively charged which causes the migration of silver ions to
this region. The silver ion and electron gives rise to a single silver atom. This silver atom
then acts as a trap for another electron which results in two silver atoms. This process will
continue and eventually form a latent image centre.

The bromide ion that loses the electron is neutralised and taken up by the gelatine. The
image centres will cause amounts of metallic silver to be deposited in the developing
process. At least two silver atoms must be present in the latent image centre for it to
become a visible silver deposit.

1.14

Film types

There are different types of radiographic film that are readily used in dosimetry
measurements. Two commonly used types are XV2 film (Eastman Kodak Co., Rochester,
NY) and EDR2 film (Eastman Kodak Co., Rochester, NY) in ready pack form. Another type
of film that is starting to emerge and increasingly being used is radiochromic film. This film
doesn‟t require processing but still needs to be scanned. Gafchromic film is a type of
radiochromic film which turns blue when exposed to radiation due to polymerisation in the
active layer.

Digital film cassettes are also becoming commonly used due to the shorter time to develop
an image. This is because they do not require chemical processing through a film
processor which takes at least 20 min, but instead they are scanned into a computer and
window levels can be adjusted accordingly. This process is beneficial in regards to time
saving.
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1.15

Film properties

One limitation of XV2 film is that it begins to saturate at dose levels less than 1 Gy. A down
scaling of monitor units can overcome this problem however for sliding windows methods
this may introduce differences in delivered dose due to changes in MLC leaf speed and
dose rate. The MLCs would need to move faster in the QA procedure than it would in an
actual treatment giving the possibility of un-reliable results. This method may not be
verifying the true delivered dose.

Another limitation with XV2 film is the overestimation of percentage depth dose, especially
for depths greater than 10 cm and field sizes greater than about 7 cm x 7 cm. This can be
attributed to the silver halide content which has a high atomic number and hence
increases the photoelectric interaction for the low energy scattered radiation, hence
producing an enhanced film response at depth26.

The other type of film that is used is EDR2 film. This film type reduces the dose saturation
problem associated with the silver halide content. The lower silver halide content lowers
the sensitivity of the film and so can be exposed to doses around 5 Gy without becoming
saturated26.

Using film with a higher saturation level is beneficial for IMRT QA because of the
combined field dose levels are typically 2 Gy per fraction as well as the response in low
dose regions.

1.16

Film orientation

Film calibration is required to convert the films optical density to dose, where the film can
be placed in two orientations depending on clinical use. Perpendicular orientation is
defined when the film plane is perpendicular to the beam central axis. This orientation is
used for planar measurements of individual beams. Parallel orientation is when the film
plane is aligned with beam central axis and is used for measuring combined beams.
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If using XV2 film in a parallel orientation for photon irradiation, studies showed26,27 that the
calibration needs to be in the same orientation as the measurements to correct for the
known over response as a function of depth.

Using film for IMRT dosimetry creates a problem with the orientation of the calibration.
Since a multiple IMRT field check consists of many beams incident on the film from
different angles, the parallel/perpendicular calibration for one beam differs from the next.
Using XV2 film is not optimal for the geometry in this case. EDR2 presents for a better film
in IMRT QA since the energy sensitivity of the film is lowered by the decrease of more than
half in the silver content.

It has also been shown for film orientation that when using a parallel orientation the over
response in the film can be reduced if the user angles the beam by 2º to the plane of the
film28.

1.17

Film Processing

The process of film processing for the use of film analysis can be summarised in 4 stages.
These are development, replenishment, fixing, and washing respectively.

The development amplifies the latent image to form a visible silver pattern by reduction of
the silver ion. The developer is the reducing agent and is usually initiated at the site of the
latent image speck6.

The fundamental factor in the developing process is the rate at which the developer
reduces the silver ions in the grain that contains the latent image and the grain that does
not. The rate is slower for the grain that doesn‟t contain the latent image and so the
development should be stopped when the difference between exposed developed grain
and unexposed undeveloped grain is at the maximum.

The replenishment is used in an automatic processor to maintain the developing agent,
preservative, and bromide concentration along with pH levels for the duration of developer
solution lifetime. The replenishment process compensates for these changes but mostly
for oxidation which increases the pH level when fewer films are processed.
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The fixing solution removes the silver halide without damaging the image formed by the
metallic silver. The solution also contains a substance to harden the gelatine, making it
tougher and more resistant to abrasion. The solution also contains an acid, stabiliser, and
buffer to maintain the pH level.

The washing serves primarily to remove the fixing bath chemicals and the wash agent is
usually water.

1.18

Film scanner OD conversion to dose

Once the film is developed, the film needs to be analysed and this can be achieved with a
read out system such as a film scanner. Before dose values can be obtained from the film
measurements, the scanner and film need to be calibrated. The scanner calibration
involves the conversion from an analogue to digital conversion (ADC) value to an optical
density (OD) value and the film calibration is the conversion from OD to a dose value.

The scanner calibration can be achieved by the use of a calibrated step wedge with a
calibrated OD value for each step to relate to the scanner ADC value. An ADC to OD
calibration curve is constructed and used to convert all subsequent film scans to OD.

The film OD to dose calibration converts the film optical density to dose. Calibration films
are irradiated to known doses and scanned to obtain OD which is converted to dose by the
film calibration curve. The dose values come from measurements obtained with a
dosimeter, such as an ionisation chamber, with a known amount of MUs delivered to a
field under reference dose conditions.

It is important to have a film calibration set for dose values that encompasses the dose
range that will be measured clinically. Film calibration should be repeated on a regular
basis and with a new film batch.
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1.19

Advantages and disadvantages of film for IMRT QA

There are both advantages and disadvantages when using film for IMRT QA. The main
advantages are that film gives a relative 2D dose distribution with good spatial resolution.
These maps can be used to compare with the planned dose distribution from the treatment
planning system (TPS), and film can be easily placed within a phantom. A disadvantage of
film is that there can be small decreases in accuracy of measurements due to its
dependence on depth, energy, and field size. Other disadvantages include variation in
sensitivity of film over its area and between different films in a batch, as well as the
extremely time-consuming calibration and readout methods required for film.

Since there are also differences in the type of film used, the associated advantages and
disadvantages will be discussed further in this section.

A limitation of XV2 film is its dose response range of up to 1 Gy, above which saturation
occurs. This is not useful for IMRT QA as saturation can mask unintended hot spots when
doses/fraction delivered can be up to 2.5 Gy/fraction. The benefit of EDR2 film is the wide
range of up to 5 Gy which makes it much more suitable for IMRT QA.

With these advantages shown above for film, the medium of choice for IMRT QA would be
EDR2 film over XV2 film for dose values greater than 1 Gy. For single fields less than 1
Gy, both XV2 and EDR2 film are options for IMRT QA.

Film has been used in combination with point dose chamber measurements to verify a
planned dose distribution. Another tool has emerged to give 2D images that are captured
electronically as each field is been delivered. This device is an electronic portal imaging
device (EPID), attached to the linear accelerator.

1.20

EPID overview

An EPID consists of a detector array placed on the opposite side of the rotating gantry
from the treatment beam portal. This device is mounted on a retractable arm8. There have
been various designs including intensity screen camera combinations and liquid ion
chamber arrays8. Flat panel amorphous silicon (a-Si) arrays provide images of good
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spatial & contrast resolution; these are now the most commonly used EPIDs and this is the
type of EPID reported in this study.

The EPID used in this study consists of a 1 mm copper plate overlying a scintillating layer
of a gadolinium oxysulphide-phosphor screen. The scintillating layer converts the incident
radiation to optical photons and these are detected by an array of light sensitive
photodiodes that are in the a-Si panel. Figure 1 below is a schematic of the aS500
model29.

Figure 1: A schematic of the layers of the Varian aS500 EPID

The sensitive layer of the Varian EPID (Varian, Palo Alto, CA, USA) aS500 model is a 40 x
30 cm2 area with a pixel size of 0.784 x 0.784 cm2 resulting in an image size of 512 x 384
pixels. The image acquisition system that is attached to the detector allows the readout of
the pixel matrix by activating row after row of the photodiodes which forms an image of
pixels.

A pixel correction can be applied if there are any defective pixels in the detector panel. A
software algorithm is applied to the pixels outside a specified range by taking an average
of the neighbouring pixels and replacing the defective pixel value on the image by the
averaging of the neighbouring pixels.

The EPID is moved by the support arm to positions under the treatment head of the linear
accelerator. The retractable arm is motorised and computer controlled with movement in
vertical, longitudinal, and lateral directions.
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A simple calibration of the EPI includes a dark field (DF) and flood field (FF) image that
corresponds to a particular acquisition mode. A DF is an image without radiation and a FF
is an open image taken with radiation to determine the sensitivity of each pixel.

1.21

Current use of EPIDs in imaging

In most radiotherapy centres that have an EPID attached to the linear accelerator, it is
used to verify patient set-up with respect to the position of the beam. This process is
accomplished by imaging 2 orthogonal fields. The images are registered in the supplied
computer software and can be compared to reference images of digitally reconstructed
radiographs (DRRs) from the TPS. Patient anatomy or implanted fiducial markers can be
used for registration.

There are two different approaches taken to image guidance with respect to the EPID
image. These are offline or online. The offline method uses a comparison of the patient
image and DRRs over a number of treatment fractions and if any changes are required it is
corrected for in the following fraction. It is used to quantify and correct the systematic
errors for the individual patient. The online method allows corrections of the treatment
position with respect to the DRR whilst the patient is one the bed for the current fraction.
This method corrects for both systematic and daily random errors. Systematic errors are
predictable and typically constant in measurements while random errors are unpredictable
fluctuations in measurements.

1.22

Current use of EPIDs in dosimetry

The EPID has currently been investigated for its dosimetric capabilities, especially in IMRT
pre treatment quality assurance (QA). For using the EPID in dosimetric applications, there
needs to be a relationship established between the EPID pixel intensity and either fluence
or dose.

EPID dose calibration is not as simple as a cross calibration of pixel response with dose
measurements made with a chamber in a phantom because the physical structure of the
EPID is involved. It has many layers above and below the detector layer which means the
dose deposited is different to that of a water phantom.
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Several methods have been developed that will calculate a predicted dose image using
EPID images. Some 2D methods that have been investigated are kernel convolution
models; Monte Carlo based predictions, and back-projection EPID algorithms. Recent
methods have advanced to 3D which includes a method to recalculate the treatment plan
from a fluence measurement with the EPID and also further work into Monte Carlo
methods. These methods will be discussed further and are referenced in detail in the
following chapter.

1.23

Aim of this project

A recent 3D method, EPIdose30, has been developed that acquires an EPID image “in-air”
for each field. The image is then convolved with a kernel to convert the EPID image to the
dose at the midplane depth of a virtual cylindrical phantom, and contour corrections
applied. A 3D dose matrix within the cylindrical phantom is then reconstructed using
attenuation and divergence corrections. This reconstructed dose distribution can then be
quantitatively compared to the planned dose distribution.

The aim of this project is to evaluate the accuracy of the 3D method and further develop
the kernel correction to provide a faster and more accurate method for IMRT verification.
First, measured EPID data was used to compare to measured film data and the TPS in a
cylindrical phantom using the original kernel correction. Then the improved kernel
correction was investigated and compared to measured film data and TPS.

The 3D method was evaluated at a basic level plan and then ramped up to more complex
plans, culminating in very complex IMRT plans. First is a 10 x 10 cm² plan followed by a 3
field composite plan, Prostate IMRT, C-shape IMRT plan and lastly a Head and Neck
IMRT plan. For each of these plans the comparisons are listed as follows:


EPIdose original & Eclipse TPS – Chi analysis



EPIdose depth dependent & Eclipse TPS – Chi analysis



EPIdose original & Eclipse TPS – Gamma analysis



EPIdose depth dependent & Eclipse TPS –Gamma analysis



Film & EPIdose original – Gamma analysis
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Film & EPIdose depth dependent – Gamma analysis



Film & Eclipse TPS – Gamma analysis

As Chi is used for 3D analysis and both EPIdose and the TPS can reconstruct dose in 3D,
the first two tests above used the Chi function. The remaining five tests from the list above
uses only 2D gamma analysis as film can only be compared in 2D and EPIdose and the
TPS can export a 2D dose plane for a gamma analysis

1.24

Thesis Outline

The next chapter includes a literature review of the current methods for IMRT verification
using an EPID design that has been commercially developed over the last 10 years.
Chapter 3 includes description of a film calibration method for both perpendicular and
parallel film orientations used in this project. Chapter 4 is an overview of the EPIdose
program used in this project. Chapter 5 outlines the methods used to measure and
reconstruct EPIdose for a 10 x 10 cm² field, a 3 field composite plan, and three IMRT plans
of varying complexity. Chapter 6 contains the results and discussion for the experiments.
Chapter 7 contains the conclusions of this project.
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Chapter 2:

LITERATURE REVIEW

The process of IMRT verification is a complex task for physicists in radiotherapy. The
IMRT plans themselves are complex. They endeavour to improve patient therapeutic ratio
by allowing dose to be delivered to the target volume and allowing organs at risk and
normal tissue to be given smaller doses than with 3D CRT.

The traditional approach to verify an IMRT plan is to use film and ion chamber
measurements in a phantom. One method is to irradiate a planar film and take an
ionisation chamber measurement in a phantom on a beam by beam basis and compare to
the TPS. Another method is to measure film and chamber with the combined fields and
compare this also to the TPS. Instead of using film, a newer approach is to use a 2D array
for planar beams.

The 2D array measures beam by beam fields at zero gantry angles which does not mimic
the true treatment geometry. To reduce this issue, some arrays come with a gantry mount
to deliver the treatment at the specified gantry angle. However due to the short SSD, this
minimises the influence of the position of the gantry during rotation.

2D diode arrays are advantageous in that they have the ability to measure dose for
comparison at many measurement positions with a single beam delivery. The software
also stores the data electronically for comparison to most TPS. Some disadvantages of
diode arrays may include non-linearity over 2.95 Gy for a 6MV beam along with their
sensitivity variation of 2% with increasing pulse rep rate19. Literature has also shown a
disagreement between measured and calculated dose maps increasing with the number of
segments/beam31. Some arrays also have temperature sensitivity increase of up to 4%
without correction. This needs to be taken into consideration when performing
measurements.

Using an ionisation chamber for IMRT point dose measurements introduces uncertainty
based on the chamber volume and positioning within the dose gradient regions of the plan.
Smaller volume chambers are more sensitive to geometrical position while larger volume
chambers will average the dose over their sensitive volume and be even less
representative of the dose at a point32.
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Film measurements also have their advantages and disadvantages in 2D IMRT pre
treatment QA. Many studies have compared the difference of the two commercially
available radiographic film, XV2 and EDR2 film. XV2 film has been shown to have an
energy dependence33 and limited dose range when compared to EDR2 film. Due to the
limited dose range of XV2 film, the MLC segments require reduced doses compared to the
plan which introduces error due to rounding errors and integer MUs34.

The reproducibility of both XV2 and EDR2 has been shown to be within 1.5% if processed
on a different day to irradiation. This reduces down to within 0.5% if processed on the
same day33. For improved accuracy film should be processed on the same day as
irradiation. Dogan et. al. also showed a small depth dependence of less than 2% and a
field size dependence of 5% when compared to ionisation chamber measurements. The
absolute value of a measured dose distribution showed that EDR2 was much closer to
calculated dose than XV2 film (10% compared to 2.5%).
Another study produced an overall uncertainty of 7% for film measurements of IMRT35.
The total uncertainty takes into account batch variation, film processor temperature, film
digitiser factor and unknown factors such as set up uncertainty. Shi et. al. also showed that
with controlled film calibration process, the difference between measured and calculated
IMRT QA cases came to be less than 3% for 94% of cases.
Film has the disadvantage that it doesn‟t have an instantaneous read out system and the
processing and film calibration must be carefully controlled in order to provide an accurate
dosimeter.

Recently, authors have been investigating the use of the EPID for dose verification in
IMRT. The advantages of using an EPID in IMRT verification is that it provides a digital
format, has a reproducible response, can record the rapid change in dose rate36, requires
no processing and is commonly integrated into the linear accelerator. The EPID must be
used in an “integrated” mode so that the pixel values represent dose from the entire
delivery.
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A 2D method was developed by Warkentin et. al.29 using a 2 stage kernel based
calculation for dosimetric verification on a beam by beam basis. The raw EPID image is
deconvolved to a primary fluence using a scatter kernel. Then the primary fluence is
convolved with a dose deposition kernel from Monte Carlo calculations providing
correlation of the EPID response with measurements of dose in a solid water phantom
using an ion chamber. This method potentially allows the origin of dose errors to be
isolated and with the patient verification time reduced to 1 hour. The disadvantage of this
method is that the cumulative effect of dose errors from all beams is not quantified by this
method.

A commercially available single pencil beam dose calculation algorithm was modified to
predict the portal dose distribution at the level of the detector by Van Esch et. al.37. The
algorithm uses beam data that has been collected from the portal imager instead of an ion
chamber measurement made in water. One problem is that the portal dose is not
equivalent to the dose to water as measured by an ion chamber.

Another method has been modified to improve and evaluate the accuracy of a back
projection method of 2D dose distribution in phantoms by Wendling et.al.38. The original
method used liquid filled detectors and has now been improved to include a-Si EPIDs. This
method uses only one phantom thickness and data has been derived only on the central
axis which can result in errors of the dose reconstruction at off axis positions.

One other 2D method uses Monte Carlo simulation of particle transport through the
accelerator treatment head and includes geometry for a Monte Carlo model of the EPID to
predict the portal image dose quantitatively39. The advantage of this is the accuracy and
quantitative predictions. However, the long computation time is currently not very practical.
The model used also doesn‟t exactly model the detector rear housing and materials
downstream. This has been replaced with a uniform material slab.

The main limitation of all the methods described above are that the dose verification is only
2D. There have been some recent developments that provide dose verification in 3D. The
first technique by Steciw et.al.40 uses the 2D fluence modulated profiles for each IMRT
field in a treatment measured by the EPID and inputs the EPID measured data into the
TPS which then recalculates a 3D dose distribution using the CT data. The limitation with
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this method is that this doesn‟t independently verify the treatment plan and so any errors in
the plan calculation will not be detected.
The second method is a Monte Carlo based dose verification which has been derived from
portal images of separate beams39. This independent dose calculation algorithm should
replace the need for film or ion chamber measurements in phantom. However, due to the
long computational time, this may not be currently practical. This method has only been
tested for a homogenous phantom so the effect of different density phantoms has not been
tested.
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Chapter 3:

3.1

FILM CALIBRATION

Film Processor

The film processor used in this project was the Mamoray Compact E.O.S AGFA daylight
cassette processor. This film processor is located in the x-ray department of the Calvary
Mater Newcastle hospital.

3.1.1

Method

The ideal daylight cassette required for our Kodak EDR2 film was 10 x 12 inch (25.4 x 30.5
cm). However, the only available sizes were smaller or much larger than this. In order to
process the film, a small strip in each direction was required to be cut off before inserting
into the available film cassette to be processed. With this minor problem in mind,
measurements were not made within approximately 1.5 cm to the sides where analysis of
the data was needed. A background film was also processed with every development run
of films.

3.2

Film scanner calibration

The aim of a film scanner calibration is to convert the scanner response into optical density
(OD) values to be used with a film calibration. The scanner calibration requires an optical
density step wedge to perform this.

3.2.1

Method

The film scanner used in this project was the Dosimetry Pro Advantage Vidar systems
corporation scanner. The scanner is a 16 bit scanner. The film scanner requires calibration
to convert the analogue to digital conversion (ADC) values given from the scanner to the
OD values of the film.

38

A step wedge was provided with the equipment. This provided the ADC  OD conversion.
The step wedge contains 25 steps of OD. The OD values vary from 0.04 to 3.65. Figure 2
shows an image of the step wedge.

Figure 2: Grey scale steps in the step wedge for the scanner calibration.
The step wedge was placed in the film scanner holder ready to be scanned with the step
that has the lowest density scanned first. Using the software provided, OmniPro™ I‟mRT
software version 1.4 Scanditronix Wellhofer, the scanner calibration tab was selected.

The film was scanned and the scanned image then displayed on the screen. The cursor
was positioned in the lowest density region in the middle of the step box. The new value
was loaded by selecting the function in the menu. The process of positioning the cursor
and loading the ADC values was repeated for each density step box. At the end of the
process a graph of the scanner calibration was displayed. The values could be extracted
and compared to previous scanner calibration. The scanner calibration was repeated on a
yearly basis.
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3.2.2

Results

The consistency of the scanner calibration can be seen in Figure 3. Over four years, the
scanner calibration changed slightly. The biggest deviation was 2% in ADC value for the
corresponding OD. The scanner calibration also shows that it follows a slightly polynomial
path to the third order (y = -577.37x3 + 2127.3x2 + 13954x + 764.82 with R2 = 0.9999).
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Figure 3: Vidar Dosimetry Pro Advantage scanner calibration comparison of readings
taken using the provided step wedge from 2006 – 2009.

3.3

Perpendicular film calibration

Film measurements in water equivalent blocks were set up perpendicular to the incident
beam. This meant that the film calibration was also needed in this orientation. Multiple
fields were irradiated on the one film for this orientation.
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3.3.1

Method

The film calibration undertaken in the perpendicular orientation was measured using solid
water phantom blocks. Both film and ion chamber measurements were taken with the
same setup. The measurements were taken on a Varian 21eX linear accelerator.

For the EDR2 film measurements, 8 cm of solid water was used as build down material.
The EDR2 film was placed directly on the solid water and centred using the linear
accelerator crosshairs. An additional 1.5 cm of solid water was used as build up material
for a 6 MV photon beam at a dose rate of 600 MU/min. The SSD was 100 cm and the field
size was 5 x 5 cm². There were 8 fields in total that were enclosed within the whole of the
EDR2 film. The MU for each of the fields varied from 50 MU up to 400 MU in 50 MU
increments.

The ion chamber used in this part of the project was a 0.6cc graphite Farmer type
cylindrical chamber. Ion chamber measurements were taken to convert the OD of the film
to dose values. The ion chamber was placed centrally in each field while the whole film
calibration sequence was delivered as above. For each individual field, chamber readings
from the contribution of the combined fields delivered were recorded. The ion chamber
was then set up under reference linear accelerator calibration conditions where the dose
per MU is known. This is used to relate the obtained film calibration ion chamber readings
to the dose delivered.

The reference condition was a 10 x 10 cm² field size at an SSD of 100 cm with 100 MU
used. The ion chamber was placed in a block of solid water with an insert for the chamber.
8 cm of solid water for build down material was used and additional 0.5 cm solid water
placed on top of the solid water block holding the chamber. The solid water with a
chamber insert has 1 cm of build up giving a total of 1.5 cm build up to the effective point
of measurement of the chamber (dmax for 6 MV). The chamber was centred to the linear
accelerator crosshairs using the inscribed marks on the solid water holder. The readings
were obtained with the DOSE 1 (IBA Dosimetry) electrometer used routinely in the
department. Figure 4 is an illustration of the reference conditions set up.
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6 MV beam with
100 MU delivered

100 cm SSD

1.5 cm build up

10 x 10 cm²
8 cm build down

Figure 4: Reference setup conditions for chamber measurements to convert OD to Dose
for film dosimetry.

Each film was developed using the daylight cassette processor. A background film was
also processed with the irradiated calibration film set. The calibration film was scanned
using the Vidar scanner and the provided OmniPro I‟mRT software. The films were saved
as a TIFF image for analysis.

A program was written by A/Prof P. Greer (private communication) in the Matlab code to
correct the film for the Vidar scanner non uniformity in the scanning (horizontal) direction.
The non uniform response was seen in the horizontal direction when a background film
was scanned. The film was scanned twice with the rotation swapped to check that it was
the Vidar scanner and not the processor. The program fits a polynomial function to the
background film values in the scan direction in a central region of the film. The polynomial
is then used to correct all rows of the scanned films. The correction is relative to the centre
of the film where the film scan values are unaltered. The corrected images were then used
in the subsequent analysis.

To generate the OD to dose calibration curve, the corrected calibration films were loaded
back into the OmniPro I‟mRT software. The software first converts scanned films from
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ADC to OD using the previously generated scanner calibration, then the user marks the
centre of each field and the mean OD value is obtained from a 1 x 1 cm² region of interest.
For each field the selected OD was assigned a dose value to produce the film calibration
curve. The dose values were taken from the ionisation chamber measurements.

3.3.2

Results

To find the dose for the centre of each calibration film from the ion chamber readings using
the reference conditions and the film sequence measurements, the following equation was
used D 

film sequence ionchamber reading
 100cGy
reference ionchamber reading

(3.1)

Table 1: Film dose calibration values using an ion chamber for a range of MUs using 5 x 5
cm² fields for a 6 MV beam
Reference
Average ionisation

Film sequence

Dose, cGy

Final ionisation

From ionisation

chamber reading

chamber readings

50

12.54

56.3

100

22.79

102.2

150

34.42

154.4

200

46.12

206.9

250

56.89

255.2

300

66.40

297.9

350

78.11

350.4

400

91.17

409.0

MU

chamber reading for
100 MU
22.29

Table 1 showed the readings obtained with the ion chamber and the calculated dose
values. These dose values above were used for subsequent film calibration
measurements in this project. The reason as to why the reading is higher for a 5x5 field
than the 10x10 field is that the film reading was done using a checker board pattern of 5x5
off axis fields defined by asymmetric jaws.
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3.4

Parallel film calibration

For film measurements taken in a parallel orientation, film calibration measurements were
also conducted to match the orientation. This orientation becomes useful when measuring
film with a commercial phantom in this orientation.

3.4.1

Solid water method

The next step in film calibration was to apply the process in a parallel orientation. This
parallel orientation was chosen to match the setup of the cylindrical IMRT phantom used in
this project due to the phantom manufacturing for film placement and clinical use.

The solid water used above was placed on the couch with 12.5 cm solid water used as
build down and 12.5 cm solid water used as build up. This amount of solid water was
chosen so that for the selected field size, the beam would cover the film and provide
adequate scatter for the selected field size. The orientation of the solid water was also
chosen so as to apply maximum pressure from gravity to minimise any air gaps that may
be present due to the film sleeve. The film was placed horizontally in the solid water as
shown in Figure 5 below.
10 x 10 cm²

6MV beam at

field size

92º gantry angle

12.5 cm
Film
12.5 cm
100 cm SSD

Figure 5: Diagram of the set up for the parallel orientation film calibration method in solid
water for a 6MV beam at a gantry angle of 92º with varying MU delivered.
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The gantry was rotated to 90º with an additional 2º offset so that the primary beam was not
aligned along the film which has been shown to effect results28. The collimator was set to
90º with a 10 x 10 cm² field size at 100 cm SSD for a 6 MV photon beam. The number of
MU delivered for the film calibration was 0, 30, 55, 80, 100, 120, 140, 165, 200, 300 and
400. Pin pricks were put on the edges of the film at depths of 1.5 cm, 10 cm and 14 cm
and also on the central axis. The marks were placed slightly inside the edge due to the
processing stage. For each individual MU a new film was used.

Each film was developed using the AGFA daylight cassette processor. A background film
was also processed with the irradiated calibration film set. The films were then scanned
using the Vidar scanner and saved as TIFF images for analysis. The films were also
corrected for the Vidar scanner light response gradient as mentioned above for the
perpendicular film.

If the film did not align when placing the central cursor to the pin prick, the film was rotated
using the CAX and depth pin prick. This allowed the alignment of the film and hence a
more accurate centre value for the film calibration. The calibration was done using the 1.5
cm depth marks with the subsequent 10 cm and 14 cm calibration saved separately.

Calibration curves were generated for three depths on the central axis in the parallel
orientation, 1.5 cm, 10 cm and 14 cm. This requires a known dose per monitor unit at each
depth on the central axis. Dose per MU is 1.0 cGy per MU for the 1.5 cm film calibration.
For the 10 cm and 14 cm depths, the dose per MU was obtained using a percentage depth
dose (PDD) curve obtained using a p-type diode on the same linear accelerator. The diode
scan has previously been benchmarked against ion-chamber PDD and was within 1%. At
10 cm depths, the dose value was 0.66 cGy per MU and at 14 cm depth the dose value
was 0.54 cGy per MU. This allowed the doses to be determined at each of these depths
from the MU delivered.

3.4.1.1 Results
The PDD scan was filtered and smoothed using a spline interpolation with a 0.5 mm step
width and the smoothing function was least squares over a 3 mm mean value region. The
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PDD was also normalised at 1.5 cm to 100%. Figure 6 shows the PDD that was used in
determining the dose values.
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Figure 6: PDD normalised at dmax for a 10 x 10 cm² field size take with a diode to obtain
dose values at depth.

The film calibration at 10 cm and 14 cm depth were compared to see if it was possible to
use one film calibration. Figure 7 shows the two depth calibrations with the difference
being small. The program used for analysis further on in the project has different diameters
for their cylindrical phantoms. The purpose of this test was to show that either film
calibration depth will be suitable for the subsequent measurements.
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Figure 7: EDR2 film calibration comparison at 10 cm and 14 cm depths in solid water.

3.4.2

In Phantom method

The in phantom film calibration was set up using a cylindrical phantom. This commercially
manufactured phantom by Medtec is known as the „white rabbit‟. The cylindrical phantom
is made of ultra-high molecular weight polyethylene with a density of 0.928 – 0.941 g/cm3.
The phantom consists of seven 3.7 cm thick disks stacked together to form a cylinder. The
disks are 28 cm in diameter and have a central hole in the disks to accept an ion chamber.
Film can also be placed in between the stacks to obtain planar dose films. Figure 8 is an
image of the phantom.

Figure 8: The commercially available Medtec „white rabbit‟ cylindrical IMRT QA phantom.
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Prior to taking measurements, the phantom was CT scanned using a GE Lightspeed CT
scanner using 1 mm slice thickness and the CT data set was loaded into the Eclipse
treatment planning system (TPS) and a relevant CT to ED conversion applied. The
isocentre was marked with ball bearings when taking the CT scan. The phantom was
saved as a QA phantom so that patient plans could be transferred to the phantom CT data
set. A plan was made for an isocentric setup at a depth of 14 cm with a 10 x 10 cm² field
size for 6 MV beam with gantry and collimator set to 0º and 100 MU delivered to that point.
The dose calculated from the TPS at the centre of the phantom was 0.696 Gy/MU.

The phantom was set up on the linear accelerator couch to match the setup on the CT.
The chamber used was an Exradin pin point 0.01cc chamber (Standard Imaging Ltd) that
fitted into the centre of the cylindrical phantom chamber holder. A Farmer electrometer
was used to measure the readings for 100 MU. The same parameters were used from the
TPS plan above.

To obtain the dose at the centre of the phantom, measurements were taken under
reference conditions where the dose per MU is known. The reference conditions were in a
solid water chamber holder for the pin point chamber with 1.5 cm solid water build up. A
total of 9 cm solid water build down was used underneath the chamber holder. 100 cm
SSD was set for a 10 x 10 cm² field size at gantry and collimator both at 0º for a 6 MV
beam. The dose rate used was 600 MU/min and 100 MU was delivered. The same Farmer
electrometer was used to obtain the chamber readings.

The ratio of the readings from the in phantom measurements to the reference conditions
was calculated. The result obtained for the dose at the phantom centre was 0.692 Gy/MU.
A difference of 0.004 Gy/MU or -0.6% between measured and TPS calculated. For future
analysis, the calibration dose per MU is taken to be that from Eclipse TPS.
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Chapter 4:

EPIdose INTRODUCTION

Ansbacher Original Model
The 3D IMRT verification program that is used in this thesis is known as EPIdose. The
program was written in the Matlab code by W. Ansbacher30 from the BC Cancer Agency,
Vancouver Island Centre.
EPIdose is a program designed to perform a 3D verification of IMRT treatment plans using
the Eclipse TPS and EPI images from a Varian linear accelerator. This chapter will explain
in more detail how EPIdose works.

EPIdose recreates the dose in the midplane of a 10 cm radius virtual cylindrical phantom
for each IMRT field from EPID images acquired without any phantom present, Figure 8
illustrates this method. Dose in the phantom is calculated by applying a pixel to dose
calibration, convolution kernel, contour corrections, attenuation corrections, and a flood
field correction. This phantom is a virtual phantom because the EPID is attached to the
linear accelerator gantry and can not be placed within a phantom. This means that the
missing phantom scatter is approximated within EPIdose by a convolution function.

Image calibration within EPIdose is taken on-axis in a dose per pixel value as though it
were in the midplane of the phantom at the isocentre. A 10 x 10 cm² EPI image is required
at each session as a calibration image which contains an array of uncalibrated pixel
values. To create an integrated pixel value matrix, the uncalibrated pixel value array is
multiplied by the number of frames acquired. EPIdose then applies a convolution
correction and calculates new pixel values in the array at midplane within the virtual
phantom. The dose is known at this point in the phantom and so the pixel to dose
conversion factor can then be calculated using the mean of a region of interest of the new
image array at central axis.

The convolution of the image with a kernel function corrects for the lack of photon scatter
and electron transport that would occur at depth in a real phantom. The kernel construction
converts the relative EPID response as a function of field size to measured data in water at
the centre of a real (flat) phantom at a depth of 10 cm as well as converting the EPID
measured penumbra to water tank measured penumbra at the same depth.
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The empirically derived kernel consists of two components which were derived separately
by iterative least squares fitting:

k (r )  A1 exp( 1r )  A2 exp(  2 r )  A3 exp(  3 r ) / r
-1

-4

-1

(4.1)
-4

where A1 = 0.109, α1 = 1.29 mm , A2 = 0.63x10 , α2 = 0.12 mm , A3 = 0.95x10 , and α3 =
0.017 mm-1.

The long range kernel, which consists of the last two terms in the equation, was applied to
a series of uniform intensity square EPID fields that were acquired with a constant number
of MUs and a comparison between the relative outputs measured in a water phantom at
10 cm depth was made by the author. This fixed the long range components of the
kernels. The short range component, which is the first term in the above equation, did not
affect the relative outputs but was adjusted until the profile of a 10 x 10 cm² image on the
EPID matched the measured water phantom profile at 10 cm depth.

An off axis correction is also required to account for the contour of the cylindrical phantom.
Normally an off axis correction can be made by using an open field radial profile in a water
phantom. The correction used was found to be the product of the radial profile at 10 cm
depth & a cylindrical function for the attenuation difference from the central ray:



C ( x)  exp  R  R 2  ( x   ) 2



with



R
R2  x2
SAD

(4.2)

where R is the phantom radius, x is the distance laterally (cross plane) from the phantom
axis, and δ is a correction that accounts for the intersection of a divergent ray with the
cylindrical surface.

A further correction is applied before the 3D dose reconstruction to account for the
geometric uncertainty due to the sag of the detector in 3 orthogonal directions with gantry
angle. The correction for the EPID position variations have been measured over an SID
range of 110 – 130 cm. The radial SID offset is used to correct both the effective pixel
resolution at isocentre and pixel to dose calibration through an inverse square factor. The
in plane (IP) and cross plane (CP) offsets for each IMRT field are applied after the flood
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field (FF) correction which is an open image to correct the response of the EPID. The FF
correction also automatically corrects for intensity variation from small rotations.

To obtain the 3D dose reconstruction the dose proximal and distal to the midplane is found
by an attenuation and divergence correction factor that is applied to the phantom midplane
image. The attenuation function used is defined so that the central axis (CAX) PDD of a
reconstructed square field will match the corresponding PDD calculation in the cylindrical
phantom:

PDDz   1  z / SAD  exp( z )  B exp   z s  z 
2

(4.3)

where PDD is the calculated depth dose normalized at depth of the midplane, z is the
depth offset from midplane, and μ is a field-size dependent attenuation coefficient.

Note that while this method calculates a 3D dose distribution, the dose at depths other
than the midplane is an approximation as scatter within water varies with depth. The
program only converts EPID images to 10 cm depth in water using a single scatter
conversion kernel and simply scales this dose along the beam direction with an
attenuation correction but does not account for scatter changes with depth.

The dose matrix for each of the fields is rotated by the planned gantry angle and
interpolated from the pixel spacing of approximately 0.7 mm to the same grid spacing as
the dose matrix from the TPS. Each matrix is then summed to create the composite
reconstructed dose.

The field size dependent attenuation coefficient used above in the PDD equation can lead
to an underestimate of attenuation in dose peaks and overestimate in valley regions if
using a single value. A method has been developed to relate the mean scatter to the mean
increase in intensity due to convolving the EPI image with the kernel. This new factor,
convolution scatter factor, is a function of field size and is calibrated to include the increase
in scatter that occurs for square field sizes where the mean attenuation coefficient is
known. For an IMRT field, an equivalent field size is determined.

The data evaluation of the composite reconstructed dose within EPIdose uses the
difference between the reconstructed dose and the TPS calculated dose. The program
reads the DICOM-RT dose file that is exported from the TPS after the patient beams have
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been transferred to the CT scan of a cylindrical phantom of the same dimensions. The Chi
function is used instead of a Gamma function as the Gamma analysis can be time
consuming in 3D. Figure 9 below illustrates the process of EPIdose to obtain a 3D dose
distribution in a virtual phantom.
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distribution in
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Figure 9: Schematic diagram of the process used in the original EPIdose to obtain a 3D
dose distribution in a virtual phantom.
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New depth dependent model
As an improvement to the modelling of the 3D dose distribution within the virtual phantom,
a depth dependent kernel has been developed by A/Prof P. Greer from Calvary Mater
Newcastle. The depth dependent kernel was incorporated into a new research version of
the EPIdose software for further investigation.

The depth dependent kernel was optimised to match both dose penumbra measured in
water and change in dose with field size. The initial fit for the kernel parameters was made
to the dose profiles at depths of 5 cm, 10 cm, 15 cm, 20 cm, and 25 cm. The first two
kernel parameters were fixed while the other parameters were optimised to fit the output
data.

For the optimisation of the kernel parameters, the EPID images taken of the varying field
sizes were convolved with the kernel and the central value was obtained from the result.
These central values were normalised to the result of the 10 x 10 cm² EPID field to give
the output factor. From this, an objective function was found by comparing the resultant
output factor with the desired output factor from chamber measurements made in water.

The method of an interpolation function to translate the midplane dose to an axial dose
slice used in EPIdose for a single kernel could not be used with the depth dependent
kernel. The program was modified so that the convolution of the multiple kernels with the
EPID image created convolution results which were stored in a matrix stack at the
resolution of the EPID.

A 3D dose volume matrix was created to calculate the 3D dose volume. The phantom
diameter was changed to 28 cm from the original 20 cm, with subsequent adjustment of
the contour correction. The depths at which the dose was calculated by convolutions of the
depth dependent kernels with the EPID were populated with the convolution results and
scaled according to the distance from the plane to the source. The dose at other depths
are interpolated from these known doses and then weighted according to the distance of
the plane. The dose planes above and beyond the depths of the profiles taken are scaled
from the last dose plane. The attenuation of the dose with distance is then applied.
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Each axial dose slice is then rotated according to the gantry angle of the field. As the dose
volume matrix is a cuboid shape, the rotation of the axial dose slice needs an artificially
larger dose volume. The axial dose slice is then added to the cumulative dose for all the
fields from each gantry angle. Figure 10 below illustrates the difference from the original
method using the depth dependent kernel to be convolved with the „in-air‟ EPID image to
give the dose in the virtual cylindrical phantom.
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cylindrical phantom

to water dose
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Figure 10: Schematic diagram of the difference in the kernel convolution used from the
original EPIdose to the depth dependent EPIdose to obtain 3D dose distribution in a virtual
phantom.

Figure 11 below illustrates the profile of the optimised convolution kernel for 20 cm depth.
The dose profile has been taken in water with a diode and the kernel has been optimised
to convert the EPID image to this dose profile in water. The result, EPID convolved, is also
shown.
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Figure 11: Optimisation profile comparisons of raw EPID image and a dose profile in water
with a kernel corrected EPID image using the depth dependent kernel at 20 cm depth.
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Chapter 5:

5.1

METHODS

Film benchmark in an open field geometry

The aim was to first benchmark film against a reference dosimeter so the accuracy of the
film measurements could be established. Once this occurred, future measurements could
then be compared directly against film.
The choice of dosimeter was a diode because it has good spatial resolution and small
detector size compared with an ionisation chamber. A set of calibration films in the parallel
orientation were acquired as described in Chapter 3.

For the measurement, a film was placed horizontally in between 25 cm of solid water for a
6 MV beam and a 10 x 10 cm² field size. To place the film in the parallel orientation, the
gantry was rotated to 92º. An SSD of 100 cm was setup to the face of the solid water with
pin pricks on the CAX and at 10 cm depth for alignment and normalisation. The difference
in 10 cm depth and the effective depth due to the 2º offset is minimal and so 10 cm was
kept. The linear accelerator was set to deliver 80 MU to the film. The film was processed
and scanned using the methods described in Chapter 3.

The diode measurements were clinical measurements for a Varian 21eX linear accelerator
taken previously in the department. The diode was set up in the Wellhofer Blue Phantom
water tank phantom (40 x 40 cm²) at 100 cm SSD, 6 MV beam, field size of 10 x 10 cm²
using the scanning software supplied with the water tank. No external bias was applied to
the diode.

Both the diode and film depth doses were normalised to 10 cm depth. The 10 cm depth
was chosen as a convenient normalisation point because the original EPIdose program
calibrates EPID signal to dose at 10 cm depth in phantom. The 10 cm depth normalisation
is a common point for many detector comparisons as this removes uncertainty due to
electron contamination in the build-up and dmax region.
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5.2

Open field measurements in a flat phantom

The aim of comparing measurements in a flat phantom with a planar entry surface is to
establish a technique to be carried over into the cylindrical phantom. These measurements
were also used to assess the accuracy of the EPIdose model at depths in a simple
geometry.

The measurements taken for comparison in the flat phantom measured in the parallel
orientation are film, diode and EPIdose. EPIdose had the contour correction deactivated
for these initial measurements in a flat phantom. The film measurement setup was for a 6
MV photon beam at 100 cm SSD in solid water. The gantry was rotated to 92º and a 10 x
10 cm² field size was used with 80 MU delivered by the linear accelerator.

The film was marked at CAX using pin pricks, and at depths of 1.5 cm, 5 cm, 10 cm, and
20 cm. This served the dual purpose of aligning the film after scanning for analysis and
also for normalising at different depths. The calibration depth was 10 cm with films
irradiated to doses up to 2.6 Gy. The film was processed and scanned using the method
described in chapter 3.

The film measurements were normalised to diode PDD on the CAX. The EPIdose distance
was corrected for divergence at different depths because the source to axis distance
(SAD) in EPIdose was 100 cm with 10 cm depth to the midplane. The EPIdose program
was modified to remove the contour correction so that it could be compared to the flat
phantom measurements.

5.3

Open field measurements in a cylindrical phantom

The aim of this section was to firstly establish the accuracy of the TPS dose calculations in
a cylindrical phantom by comparison to film measurements, and secondly to compare the
accuracy of EPIdose dose reconstructions by comparison to the film measurements, and
thirdly to compare the EPIdose dose reconstruction to Eclipse TPS calculations to
establish the validity of the model for IMRT verification. The original EPIdose calculation
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and the depth dependent kernel method are compared to film and TPS to establish if there
is an improvement in accuracy with the new model.

5.3.1

TPS compared to Film

Film measurements
Film measurements were acquired in a 28 cm diameter cylindrical phantom for comparison
with EPID reconstructed dose. The original EPIdose model and the depth dependent
kernel method were both compared to the film measurements.

The film measurement setup was for a 6 MV photon beam at 86 cm SSD in the phantom
to match the EPIdose SSD with a gantry angle of 0º. The phantom was offset by 0.5 cm in
the longitudinal direction to mimic the 2º gantry offset to the film plane to ensure that the
primary beam along the central axis was not directed along the film. A 10 x 10 cm² field
size was used with 80 MU delivered by the linear accelerator. The film calibration followed
the process given in chapter 3.

The film was marked on CAX by a pin prick, and at the depth of 14 cm. This allowed for
normalisation of the film at 14 cm depth and also for profile measurements at 14 cm along
with other depths in relation to the marks. The calibration films used were also marked at
14 cm depth and exposed with up to 2.2 Gy. The film was processed and scanned using
the methods described in chapter 3.

Eclipse TPS calculations
The plan was computed using the Eclipse AAA41 dose calculation algorithm for a 6 MV
photon beam at 100 cm SAD normalised to the isocentre. The gantry was set at 0º and the
collimator at 0º. A 10 x 10 cm² field size was used with the dose adjusted to obtain 80 MU.
The transverse dose plane at isocentre was exported to OmniPro I‟mRT software for
analysis between film and treatment plan. Figure 12 shows the transverse view of the
treatment plan from Eclipse.
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Figure 12: Print screen of a 10 x 10 cm² field Eclipse plan on the cylindrical phantom for a
6MV beam.

Comparison
The Omni Pro I‟mRT software allows for comparison between film and TPS to be made.
The Eclipse plan was imported as a DICOM-RT file. The coordinate system of the
treatment planning system in the Omni Pro I‟mRT software was configured prior to this
import. The configuration matched the TPS plane to the measured film plane.
Normalisation was kept at the CAX.

5.3.2

EPIdose compared to Film

The next step in the process was obtaining EPID images of the planned field in air with no
phantom present in the beam to be used in EPIdose. The Eclipse plan (see below) was
sent to the linear accelerator via DICOM-RT. The EPID acquired the planned images of
each field and these were saved to the corresponding patient file as a DICOM-RT image
under the fraction delivered. A single 10 x 10 cm² open calibration EPID image was also
taken to be used in the EPIdose program.

The original EPIdose and modified EPIdose programs were used to create 3D dose
reconstruction which included the contour correction for the cylindrical phantom. The dose
normalisation was to the value of 0.696 Gy/MU at 14 cm depth using the 10 x 10 cm²
calibration image.
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Comparison
EPIdose and film were compared using the in-house Matlab software for 2D Gamma
evaluation. This in-house code has been widely used and validated previously. The
EPIdose axial plane that corresponds to the film plane measurement is first exported from
the EPIdose software and saved in a binary file format along with the coordinate axis. The
calibrated film axial dose plane file is then compared to the EPIdose plane after
resampling of the dose distributions to the same resolution as the film matrix.

5.3.3

EPIdose compared to TPS

EPIdose takes the EPID images of the planned field, as discussed in chapter 4 above, and
compares to the Eclipse exported plan. The comparison analysis is performed using the
3D Chi function. The criteria were set at 3% and 3 mm which are common criteria for
IMRT. The minimum dose threshold for EPIdose was set to 30%.

5.4

Three field composite and IMRT plans

The same methodology described in the previous section was used to compare EPIdose
dose reconstructions in the cylindrical phantom and TPS calculation to axial film plane
measurements in the phantom and for EPIdose to TPS calculations in the phantom. The
dose distribution tested in this section increased in complexity from a three-field composite
open field dose distribution to several IMRT dose distributions. The CT data set that was
used for the 10 x 10 cm² field size plan was used for subsequent planning. This phantom
was saved as a physics QA phantom to allow any plan to be transferred to the cylindrical
QA phantom.
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5.4.1

TPS compared to Film

Eclipse TPS calculations

Composite field plan
The composite field plan was a combination of three open fields of a 10 x 10 cm² field size
at three different gantry angles. A 6 MV beam was used with each beam having 86 cm
SSD. The collimator was set to 0º with the three gantry angles being 0º, 85º, and 296º with
the MUs of 103, 53, and 103 respectively. The total dose was 36 Gy in 20 fractions giving
1.8 Gy per fraction normalised to isocentre at 14 cm depth. Figure 13 shows the Eclipse
plan for the composite field with the isodose levels displayed.

Figure 13: Print screen from the transverse slice of the composite Eclipse plan on the
cylindrical phantom for a 6MV beam
Prostate plan
The first IMRT plan generated for this project was for a prostate treatment which was a
combination of seven fields at different gantry angles at 50º increments from each other.

A 6 MV beam was used with each beam having 86 cm SSD. The collimator was set to 90º
for each field. The gantry angles were set at 0º, 50º, 100º, 150º, 200º, 250º, and 300º with
MUs of 155, 138, 112, 130, 147, 115 and 118 respectively. The prescription dose was 2
Gy per fraction. The AAA algorithm V8.6.14 was used in Eclipse TPS with a sliding window
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technique for IMRT delivery. Figure 14 is a print screen from Eclipse showing the beam
configuration on the cylindrical phantom.

Figure 14: Print screen of a Prostate IMRT Eclipse plan on the cylindrical phantom for a
6MV beam

C-shape plan
A second IMRT plan generated on Eclipse was in the shape of a C which was a
combination of 9 fields.

A 6 MV beam was used for all the 9 fields at an SSD of 86 cm and with the collimator set
to 90º for each. The gantry angles for this plan were 0º, 40º, 80º, 120º, 160º, 200º, 240º,
280º & 320º with the MU for each angle are 76, 86, 102, 106, 97, 96, 111, 101 & 82
respectively. The prescription dose for this plan was 40 Gy in 20 fractions giving 2
Gy/fraction. The normalisation depth of 11 cm was chosen to correspond with the centre of
the PTV. Figure 15 is a print screen from Eclipse showing the beam configuration on the
cylindrical phantom.
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Figure 15: Transverse slice print screen of the C-shape IMRT Eclipse plan on the
cylindrical phantom for a 6MV beam

Head and Neck plan
The third IMRT plan generated on Eclipse was for a head and neck test plan which was a
combination of 9 fields.

A 6 MV beam was used for all the 9 fields at an SSD of 86 cm and with the collimator set
to 0º for each. The gantry angles for this plan were 0º, 40º, 80º, 120º, 160º, 200º, 240º,
280º & 320º with the MU for each angle are 136, 134, 145, 187, 131, 123, 189, 142 & 117
respectively. The prescription dose for this plan was 40 Gy in 20 fractions giving 2
Gy/fraction. It is recognised that the total dose for this test plan is low and that the total
dose for head and neck plans are generally about 70 Gy, however, the dose per fraction of
2 Gy is equivalent. The normalisation depth of 14 cm was chosen at the centre of the
phantom. Once again the AAA algorithm was used in Eclipse TPS with a sliding window
technique for IMRT delivery. Figure 16 is a print screen from Eclipse showing the beam
configuration on the cylindrical phantom.
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Figure 16: Print screen of the H&N IMRT Eclipse plan on the cylindrical phantom for a
6MV beam

Film measurements
All of the plans described above were used to irradiate three film packets for each plan. A
single film packet was placed in the cylindrical phantom in a parallel orientation. The
phantom was shifted slightly to bring the film plane to 0.5 cm offset with a 0º gantry angle.
The phantom was set to 86 cm SSD with pin pricks made at isocentre at 14 cm depth on
either side of film along with a CAX pin prick which was used in the analysis for alignment.

The film calibration process described in chapter 3 was followed. The resultant film image
was saved as a TIFF image. The film was aligned using the pin pricks at isocentre and the
CAX. The film was normalised at the isocentre position and rotated, if required, to match
the orientation of the Eclipse dose plane.

Comparison
The Eclipse dose plane of the CAX slice was exported from the TPS as a DICOM-RT file.
This DICOM-RT file could then be imported into EPIdose for comparison with film and
EPID measurements. The plan was normalised at the isocentre position. The criteria for
the Chi function were 3% and 3 mm. A 2D Gamma analysis was also made with criteria of
3% and 3 mm using in house Matlab software as described earlier on.
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5.4.2

EPIdose compared to Film

EPID measurements
EPID images which are required for analysis in EPIdose were selected as IMRT EPID
images within the Eclipse plans. The EPID images were taken using 300 MU/min dose
rate and the mode selected was „integrated image during treatment‟. The images were
saved as a DICOM-RT file which can be read into EPIdose. The EPID images were taken
at the specified gantry angles and the same MUs as were set in the plans described
above.

Comparison
The original and modified EPIdose programs were used in the comparison with film using
the in house Matlab software using a 2D Gamma evaluation. The process described in the
above section was followed here.

5.4.3

EPIdose compared to TPS

The EPID images taken of the planned fields are used in both the original and modified
EPIdose model, as discussed in chapter 4 above. The EPID images are stored in the
patient plan and are exported as a DICOM-RT file. The Eclipse dose plane is also
exported for use in EPIdose. The comparison is made using the Chi function with a criteria
set at 3% and 3 mm.

For all the tests in this thesis, film was being used to benchmark the accuracy of EPIdose.
It is likely that with the workload requirements in the clinic, EPIdose will be a potential
replacement comparative tool to film and hence will be compared directly to TPS. These
comparisons test the match between TPS and EPIdose in this setting.
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Chapter 6:

6.1

RESULTS & DISCUSSION

Film benchmark in an open field geometry

The benchmarking of film against diode measurements was made so the accuracy of the
film measurements could be established and is shown below. Both the depth dose curve
and a profile at 10 cm depth were used for the analysis. Figure 17 and Figure 18 below
show the depth dose and profile comparison of diode and film.
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Figure 17: Comparison of depth dose in a 10x10 cm² for diode and film normalised to
calibration reference dose of 100cGy at 10 cm depth in solid water.

Figure 17 shows the agreement between film and diode. There is a slight mismatch in the
doses at depths greater than 20 cm. The percentage difference is less than 5% which
gives a dose difference of less than 3 cGy. At depths shallower than 20 cm, the dose
agreement within 2.5 cGy has a percentage difference of less than 2%. From the graph of
the PDD, the match of film to diode result suggests that it can be used for future
comparisons. Note that most of the comparisons in the cylindrical phantom in subsequent
experiments involved film not greater than 20 cm.
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Figure 18 is of the profile measurement taken at 10 cm depth. This is to compare the film
to diode match across the field.
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Figure 18: Profile comparison between film and diode for a 10 x 10 cm² field at 10cm depth
in solid water.

The profile of the diode and film match well, with a slight increase in the dose in the tail
region of the film profile. The over-response of film in the penumbral tail is thought to be
due to the high Z silver bromide in film over responding to low energy scattered photons
due to the photoelectric effect. The percentage dose increase in the penumbral tail is in
the order of 15%; however the dose difference is only 1.5 cGy. This shows that film can
also be used as a comparison tool in the off axis profile region.

6.2

Open field measurements in a flat phantom

To establish the procedure for comparing film and EPIdose the first set of measurements
were taken in a flat phantom. This also helped with analysis of the accuracy of the original
EPIdose model at depths. Figures 19, 20, 21, and 22 show profile comparisons between
film, diode and EPIdose taken at 1.5 cm, 5 cm, 10 cm, and 20 cm depths. The distance
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scale is given in mm and the dose is given in cGy. Figure 23 illustrates the PDD
comparison between film, diode and EPIdose.
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Figure 19: Profile comparison between film, EPIdose, and diode for a 10 x 10 cm² field in
solid water at 1.5 cm depth

The profile in Figure 19 for 1.5 cm depth shows film and diode in agreement but not
EPIdose. In the following sections film is also compared to EPIdose and diode at the other
depths. The EPIdose profile is blurred out at depths less than 10 cm. Figure 20 shows the
comparison at 5 cm depth.
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Figure 20: Profile comparison between film, EPIdose, and diode for a 10 x 10 cm² field in
solid water at 5 cm depth.

The profile comparison at 5 cm depth also shows matching between diode and film but not
as good with EPIdose in the umbral region of the profile. Since the kernel optimisation of
profiles is at 10 cm depth, the EPIdose profiles are more rounded at shallower depths than
at 10 cm depth. Figure 21 illustrates this.
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Figure 21: Profile comparison between film, EPIdose, and diode for a 10 x 10 cm² field in
solid water at 10 cm depth.
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All three profiles are matching well in the umbral and penumbral region of the profile with a
slight mismatch in the tail of the profile with the film having a slightly higher dose of less
than 2 cGy. The improved match of the profiles with EPIdose at 10 cm is due to the kernel
optimisation at this depth.

As the profiles are compared at greater depths the 10 cm depth kernel optimisation using
EPIdose will show sharper penumbral tails while the measured film data shows more
rounded high dose tails with the increased scatter reflected at these depths.
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Figure 22: Profile comparison between film, EPIdose, and diode for a 10 x 10 cm² field in
solid water at 20 cm depth.

Figure 22 shows the comparison at 20 cm depth. At 20 cm depth, the graph shows that the
profiles are matching with the EPIdose profile having a much sharper penumbral region.
The film profile at larger depths is showing a mismatch. Note there is also stepping in the
penumbral tail due to the signal to noise ratio for the film analysis at greater depths.
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Figure 23: Comparison of depth dose in a 10 x 10 cm² for diode, EPIdose and film
normalised at 10 cm depth in solid water.

The depth dose shown in Figure 23 has been normalised at 10 cm depth. There is good
agreement between diode and film measurements with EPIdose showing an over
response of 6.5% at 1.5 cm depth which is a dose difference of 11 cGy. The agreement
between film and EPIdose from 6 cm depth and beyond is below 2.5% with a dose
difference of only 3 cGy.

With film showing good agreement to EPIdose in a flat phantom, the next step was to take
film measurements in a cylindrical phantom. This was because the EPIdose program was
designed for cylindrical phantom measurements in IMRT. Cylindrical phantoms are
preferred for IMRT verification as sharp external contour changes that may affect beam
calculation are avoided.

6.3

Open field measurements in a cylindrical phantom

Once the technique was established as described above, it was carried over to the
cylindrical phantom for the analysis used in the remainder of the project. The first test set
up was for a simple 10 x 10 cm² open field. The TPS calculation was compared to film,
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EPIdose was compared to film measurements and EPIdose and the TPS were finally
compared.
6.3.1

TPS compared to film

The results for film and TPS for a 10 x 10 cm² field are shown below in Figure 24 from
Omni Pro I‟mRT.

Figure 24: Results obtained from Omni Pro I‟mRT for film and Eclipse for an open 10 x 10
cm² field in a cylindrical phantom.

The top left image is the dose plane from Eclipse and the bottom left image is from the film
measurement taken in phantom. The top right image shows the profile comparison in the X
direction at 14 cm depth between the two with the profile in red from Eclipse and the green
is from film. The last image in the bottom right shows the Gamma analysis performed
comparing the two (Eclipse v film) within OmniPro I‟mRT software. The Gamma analysis
shows good agreement between 8 cm and 16 cm depth in the central region. Closer to the
surface (depth < 8cm) and in the exit region of the phantom the Gamma analysis fails. The
tolerance levels set for the Gamma analysis were 3%, 3mm.
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A closer look at a CAX profile comparison of Eclipse and film is shown in Figure 25. The
red profile is of the film measurement and the green is from the Eclipse treatment plan.
Figure 25 shows that there is agreement of 3% within 80% of the field width between TPS
and film measurement.

Figure 25: Profile result obtained from Omni Pro I‟mRT for film and Eclipse for a 10 x 10
cm² field on the CAX

Using the 2D Gamma analysis tool in Matlab, the result for the 10 x 10 cm² fields passing
the Gamma with the same tolerance level set as about (3%, 3mm) was 0.953.

6.3.2

EPIdose compared to film:

The 2D Gamma analysis between film and EPIdose using the original kernel method was
0.897 with an improvement using the depth dependent kernel method to 0.938. The
Gamma maps and profile comparisons are shown in Figure 26 for both the original kernel
method and the depth dependent kernel method in EPIdose.
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Figure 26: Gamma map for film and EPIdose using the original kernel (left) and the depth
dependent kernel (right) for a 10 x 10 cm² field

The Gamma maps in Figure 26 shows the region of failure in red and this is greatest at a
depth < 7 cm for the original kernel. The central region of the beam passes the Gamma
analysis from 5 cm depth down to 20 cm depth for the depth dependent kernel.

6.3.3

EPIdose compared to TPS

Figure 27 illustrates the reconstructed EPID dose on the left and the Eclipse dose on the
right for the cylindrical phantom with a 10 x 10 cm² field.

Figure 27: Portal image dose on the left and Eclipse dose on the right for a 10 x 10 cm²
field in the cylindrical phantom
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As described in the methods section 5.3.3, dose maps were also compared using Chi
function analysis. Figure 28 shows the result of the EPIdose Chi function with 3%, 3mm
tolerance level with the original kernel method used by EPIdose for the analysis on the left
and the depth dependent kernel method on the right.

Figure 28: Chi function result from EPIdose using the original kernel (left) and the depth
dependent kernel (right) for a 10 x 10 cm² field

From EPIdose, the reconstructed portal image dose taken from the Eclipse plan was 0.696
Gy at the isocentre and the calculated dose from measured EPID images to the same
point was 0.698 Gy. This gives a measured dose agreement of 0.4% with the planned
dose at isocentre co-ordinates (0, 0, 0).

Using the original kernel, in the high dose region the mean weighted difference was -1.3%
with a mean Chi function of -0.43 and a standard deviation of 1.6% with a Chi result of
0.52. A Chi function less than 1 equates to a pass result. Using the depth dependent
kernel method, EPIdose showed that in the high dose region the mean weighted difference
was -0.7% with a Chi function of -0.22 and a standard deviation of 1.3% with a Chi result
of 0.44.

Table 2 below shows the Chi range from the EPIdose analysis with the percentage of
points falling within the Chi range. The table on the left displays the results from EPIdose
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using the original kernel method and the table on the right gives the results using the depth
dependent kernel method.

Table 2: Histogram of % of points within the Chi range for the high dose region using the
original (left) and depth dependent (right) kernel for a 10 x 10 cm² field.
Chi range

% of points

Chi range

% of points

-inf to -2

0.7

-inf to -2

0.0

-2 to -1

11.8

-2 to -1

2.2

-1 to 0

67.2

-1 to 0

66.2

0 to 1

20.2

0 to 1

31.2

1 to 2

0.1

1 to 2

0.4

2 to inf

0.0

2 to inf

0.0

As shown in Table 2, there is a difference between the original kernel method and depth
dependent kernel method based on the percentage of points in the central Chi range from
-1 to 0 and 0 to +1 for the high dose region. The total of % of points within this region gave
a result of 10% in favour of the depth dependent kernel method.

EPIdose classifies hot spot regions with doses greater than 105% outside tolerance, with
the tolerance set at 3%, 3mm. The percentage of hotspots was found to be 12.5% for the
original kernel and 2.8% for the depth dependent kernel.

EPIdose results also showed that in the low dose regions (region of interest outside the
high dose region) for the original kernel, the mean weighted difference was -0.5% with a
standard deviation of 4.6%. For the depth dependent kernel, the mean weighted difference
was -0.7% with a standard deviation of 4.6%.

Table 3 shows the Chi range with the percentage of points falling within the range for the
low dose region. The table on the left displays the EPIdose results using the original kernel
method and the table on the right gives the results using the depth dependent kernel
method.
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Table 3: Histogram of % of points within the Chi range for the low dose region using the
original (left) and depth dependent (right) kernel method for a 10 x 10 cm² field.
Chi range

% of points

Chi range

% of points

-inf to -2

2.1

-inf to -2

2.1

-2 to -1

0.7

-2 to -1

0.7

-1 to 0

43.0

-1 to 0

52.5

0 to 1

54.0

0 to 1

44.4

1 to 2

0.2

1 to 2

0.3

2 to inf

0.0

2 to inf

0.0

There is a slight difference between the original and depth dependent kernel method
based on the % of points in the central Chi range for the low dose region of 0.1%.

6.4

Three field composite and IMRT plans

6.4.1

Three field composite plan

Moving on from a simple 10 x 10 cm² open field, a composite plan of 3 open fields was the
next plan to test.

6.4.1.1

TPS compared to Film

The purpose of this test was to verify the TPS by comparing the output plan to film
measurements. Figure 29 is a print screen from OmniPro I‟mRT software of the film and
TPS plan with a profile comparison and Gamma analysis made.
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Figure 29: Results obtained from Omni Pro I‟mRT for film and Eclipse for the composite
plan showing results in the X direction

The top left image is of the Eclipse TPS plan and the bottom left is from the film
measurement taken in the cylindrical phantom. The top right image is from the profile
comparison in the X direction (patient Left – Right). The green profile is from the film and
the red is from Eclipse. The bottom right is the Gamma analysis result which shows good
agreement in the central high dose region of the plan with criteria of 3%, 3mm.

A zoomed view of the high dose region is shown below in Figure 30. This image has the
film in red and the TPS in green. The profile comparison is in the other direction, Z
direction (patient Ant-Post). The ROI is clearly shown in the top left. The profile
comparison shows good agreement. The Gamma analysis for the high dose region also
displays good agreement.
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Figure 30: Results obtained from Omni Pro I‟mRT for film and Eclipse for a composite plan
indicating the ROI in the Z direction

As a benchmarking exercise, the 2D Gamma analysis tool in Matlab was also used here to
verify the agreement between Omni Pro I‟mRT software and the in house Matlab code.
This is so the Matlab code could be used from here on due to the ease of use. The result
for the composite field plan passing the Gamma test with the same tolerance level set as
above (3%, 3mm) was 0.902. Figure 31 below illustrates the 2D Gamma map for the
composite plan.

Figure 31: 2D Gamma map for the composite plan.
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Figure 32 shows the profile comparison of the composite plan between film and Eclipse
TPS in both the X and Y directions taken from Matlab. The film in red shows a lower dose
in the region outside the PTV.

Figure 32: X and Y profile comparison for the composite plan within the PTV between film
and Eclipse TPS.

Since there is agreement between OmniPro I‟mRT and the 2D Gamma analysis with
Matlab, future comparisons between film and Eclipse TPS were carried out with the Matlab
code. A treatment plan is considered acceptable when the gamma result is 88% - 90%42
for a 3%, 3mm criteria when using radiographic film with composite fields. The result
above for film compared to Eclipse TPS appears acceptable as it is above this range.

6.4.1.2

EPIdose compared to Film

For the 2D Gamma analysis, comparing the dose planes between film and EPIdose was
made. The film was used as a reference for the Gamma reference. The Gamma results
less than 1 was 0.808 for the original kernel method and 0.813 for the depth dependent
kernel method. These values are lower than the acceptable value for Gamma analysis by
7.2% and 6.7% respectively.

Figure 33 shows the Gamma maps for both the original kernel method on the left and the
depth dependent kernel method on the right.
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Figure 33: 2D Gamma map of the composite plan comparing film and EPIdose using the
original kernel method (left) and the depth dependent kernel method (right).

Figures 34 and 35 displays the X and Y profile comparison between film and EPIdose
using both the original kernel method on the left and the depth dependent kernel method
on the right. The film shows an under dose in the region outside the high dose region.

Figure 34: X profile comparison result of the composite plan comparing film and EPIdose
using the original (left) and depth dependent (right) kernel methods.
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Figure 35: Y profile comparison result of the composite plan comparing film and EPIdose
using the original (left) and depth dependent (right) kernel methods.

There is a slight improvement with the depth dependent kernel method of 0.5%. The
difference in the profiles is in the region of the beam entrance and is outside the high dose
region. This can be seen in the profiles above with EPIdose showing an increase in dose
in these areas. The central region of the plan shows good agreement. There is also good
agreement in the high dose gradient region.

6.4.1.3

EPIdose compared to Eclipse

The purpose of comparing the TPS to EPIdose is to confirm planned data matches
measured EPI data as part of EPIdose. The following are the results from EPIdose and
Eclipse TPS. Figure 36 shows the original kernel method EPIdose dose output on the left
and the Eclipse dose output on the right.
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Figure 36: Portal image dose (left) and Eclipse dose (right) for a composite plan in the
cylindrical phantom for the original kernel method.

Figure 37 shows the Chi function results for the original kernel method and the depth
dependent kernel method. The only section that is out of tolerance for the original kernel
method is the irradiated volume outside the high dose region.

Figure 37: The Chi result from EPIdose for the composite plan for the original kernel
method (left) and the depth dependent kernel method (right).
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From EPIdose, the calculated dose was 180.7 cGy at the isocentre and the reconstructed
dose was 180.3 cGy. This gives a total difference of 0.2% at isocentre (0, 0, 0) with a dose
difference of 0.04 cGy.

Using the original kernel method in EPIdose, the results showed that in the high dose
region the mean weighted difference was -0.3% with a Chi function of -0.1 and a standard
deviation of 1.1% with a Chi result of 0.36. Using the depth dependent kernel method in
EPIdose, the results showed that in the high dose region the mean weighted difference
was -0.1% with a Chi function of -0.03 and a standard deviation of 1.1% with a Chi result
of 0.36.

Table 4 below shows the Chi range with the percentage of points falling within the range
for the high dose region. The table on the left is for the original kernel method and the
table on the right shows the results from the depth dependent kernel method.

Table 4: Histogram of % of points within the Chi range for the high dose region for a
composite plan for the original kernel method (left) and the depth dependent kernel
method (right).
Chi range

% of points

Chi range

% of points

-inf to -2

0.0

-inf to -2

0.0

-2 to -1

0.0

-2 to -1

0.5

-1 to 0

55.3

-1 to 0

61.1

0 to 1

44.1

0 to 1

37.7

1 to 2

0.6

1 to 2

0.6

2 to inf

0.0

2 to inf

10.0

Based on the Chi function table above, the results have improved using the depth
dependent kernel method. Within the central range (±1) the original kernel percentage of
points are 98.8% compared to the depth dependent kernel method of 99.4%.

The region EPIdose classifies as a hot spot has the dose being greater than 105% outside
tolerance with the tolerance set at 3%, 3mm. The percentage of hotspots was found to be
0.1% for both the original kernel and the depth dependent kernel methods.

84

EPIdose also showed that in the low dose region the mean weighted difference was 0.6%
with a standard deviation of 1.2% for the original kernel and a mean weighted difference of
0.7% and a standard deviation of 1.2% for the depth dependent kernel.

Table 5 below shows the Chi range with the percentage of points falling within the range
for the low dose region. The table on the left is for the original kernel method and the table
on the right shows the results from the depth dependent kernel method.

Table 5: Histogram of % of points within the Chi range for the low dose region for a
composite plan with the original kernel method (left) and the depth dependent kernel
method results (right).
Chi range

% of points

Chi range

% of points

-inf to -2

0.1

-inf to -2

0.1

-2 to -1

0.5

-2 to -1

0.4

-1 to 0

26.1

-1 to 0

19.5

0 to 1

72.2

0 to 1

79.4

1 to 2

1.0

1 to 2

0.5

2 to inf

0.1

2 to inf

0.1

Based on the Chi function table above, the results have improved slightly for the low dose
region using the depth dependent kernel method. Within the central range (±1) the original
kernel method % of points are 98.3% compared to the depth dependent kernel method of
98.9%.

A 2D Gamma function can be used to compare EPIdose with Eclipse and film. The
Gamma maps in Figure 38 are the result of Eclipse and EPIdose using the original kernel
and depth dependent methods for the composite field. The image on the left is of the
original kernel and on the right is the depth dependent kernel method.
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Figure 38: 2D Gamma map for Eclipse and EPIdose using the original kernel method (left)
and the depth dependent kernel method (right) for a composite field.

The Gamma analysis results for the original kernel method was 0.972 and 0.973 for the
depth dependent kernel method with the Gamma map showing a slight improvement. The
improvement is mainly seen in the low dose region.

6.4.2

Prostate plan IMRT

Increasing the plan complexity from a three field composite plan to an IMRT plan for
treating the Prostate was implemented. Film was compared to Eclipse TPS and EPIdose,
and EPIdose and the TPS were also compared.

6.4.2.1

TPS compared to Film

Using the 2D Gamma analysis tool in Matlab, the results for the composite field between
film and Eclipse TPS was 0.833. Figure 39 displays the Gamma map for the composite
plan. The high dose region (in blue) passes the Gamma with 3%, 3mm tolerance level set
but some of the entry beams show where the Gamma analysis fails (in red).

86

Figure 39: 2D Gamma map of the Prostate IMRT plan comparing film measurement and
Eclipse TPS.

Figure 40 are the X and Y profile comparisons between film and Eclipse TPS for the
Prostate IMRT plan. The mismatch in profiles lies in the region outside the high dose
region with film giving an over response in this low dose region.

Figure 40: X (left) and Y (right) profile comparison between film and Eclipse TPS for a
Prostate IMRT plan within the high dose region.

The agreement between the two is good in the central region which matches the Gamma
map. This result is 4.7% lower than the acceptable Gamma analysis tolerance for 3%,
3mm.
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6.4.2.2

EPIdose compared to Film

Using the 2D Gamma analysis in Matlab, film could be compared to EPIdose. The result
for comparing film to the original kernel method in EPIdose was 0.907 and for the depth
dependent kernel method it was 0.929. Figure 41 below displays the Gamma map of the
original and depth dependent kernel methods followed by X and Y profiles for the Prostate
IMRT plan in Figures 42 and 43 respectively.

Figure 41: 2D Gamma map of the Prostate IMRT plan comparing film and EPIdose using
the original kernel method on the left and the depth dependent kernel method on the right.

The difference in Gamma maps can be seen in the region outside the high dose region
and in the beams entrance locations.

Figure 42: X profile comparison of film and EPIdose for a Prostate IMRT plan on CAX for
the original (left) and depth dependent kernel (right) methods.
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Figure 43: Y profile comparison of film and EPIdose for a Prostate IMRT plan on CAX for
the original (left) and depth dependent kernel (right) methods.

The low dose region as shown in profiles 42 and 43 is where the discrepancies occur. In
this case, the film is showing a larger dose than EPIdose. The Gamma results above are
greater than the accepted value resulting in a pass value.

6.4.2.3

EPIdose compared to TPS

The comparison between Eclipse TPS and EPIdose is shown in the following figures.
Images from EPIdose of the portal image dose on the left and the Eclipse dose on the right
for the Prostate IMRT plan is shown in Figure 44.
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Figure 44: Portal image dose (left) and Eclipse dose (right) for a Prostate IMRT field in the
cylindrical phantom

The Chi function result out of EPIdose is shown in Figure 45 for both the original kernel
method (left) and the depth dependent kernel method (right).

Figure 45: Chi function result from EPIdose for a Prostate IMRT plan using the original
kernel method on the left and the depth dependent kernel method on the right.

From EPIdose, the calculated dose was 198.8 cGy at the isocentre and the reconstructed
dose was 200.2 cGy. This gives a total difference of -0.7% at isocentre (0, 0, 0) and 1.4
cGy difference.
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Using the original kernel in EPIdose, the results showed that in the high dose region the
mean weighted difference was -0.9% with a Chi function of -0.29 and a standard deviation
of 1.7% with a Chi result of 0.58. For the depth dependent kernel method the mean
weighted difference was -0.8% with a Chi function of -0.28 and a standard deviation of
1.7% with a Chi result of 0.58.

Table 6 below shows the Chi range with the percentage of points falling within the Chi
range for the high dose region. The table on the left shows the results using the original
kernel method and the table on the right shows results using the depth dependent kernel
method.

Table 6: Histogram of % of points within the Chi range for the high dose region for Prostate
IMRT plan using the original kernel method (left) and the depth dependent kernel method
(right).
Chi range

% of points

Chi range

% of points

-inf to -2

0.2

-inf to -2

0.2

-2 to -1

12.1

-2 to -1

11.9

-1 to 0

56.3

-1 to 0

55.5

0 to 1

31.4

0 to 1

32.4

1 to 2

0.0

1 to 2

0.0

2 to inf

0.0

2 to inf

0.0

The depth dependent kernel method used in EPIdose showed a very small improvement in
the percentage of points within the Chi range of ±1 within the high dose region with the
original kernel giving 87.7% and the depth dependent kernel giving 87.9%.

The region classified as a hot spot has the dose being greater than 105% outside high
dose tolerance set by the user. The percentage of hotspots with a dose of 105% or greater
was found to be 0.0% for both the original kernel and the depth dependent kernel
methods. This is expected as the prostate IMRT dose map does not include a major
combined dose gradient in any of the high or low dose region.

EPIdose also showed that in the low dose region the mean weighted difference was -0.1%
with a standard deviation of 1.8% for the original kernel method and a mean weighted
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difference of -0.1% and a standard deviation of 1.9% for the depth dependent kernel
method.

Table 7 below shows the Chi range with the percentage of points falling within the range in
the low dose region for the original kernel method on the left and the depth dependent
kernel method on the right.

Table 7: Histogram of % of points within the Chi range for the low dose region for Prostate
IMRT plan using original kernel method on the left and the depth dependent kernel method
on the right.
Chi range

% of points

Chi range

% of points

-inf to -2

0.0

-inf to -2

0.0

-2 to -1

5.8

-2 to -1

6.2

-1 to 0

45.0

-1 to 0

42.8

0 to 1

47.7

0 to 1

48.6

1 to 2

1.5

1 to 2

2.3

2 to inf

0.0

2 to inf

0.0

In the low dose region the percentage of points within the Chi range of ±1 was 92.7% for
the original kernel method compared to the depth dependent kernel method result of
91.4%. This showed that the depth dependent kernel method matched TPS less effectively
in this case by 1.3%. Since the original kernel method optimises at 10 cm depth, this could
be compensating for the poor depth dose modelling at shallow depth giving a better
agreement to Eclipse TPS when compared to the depth dependent method. An
examination of the Eclipse TPS depth dose model data showed that the PDD matches well
with diode and film at shallow depths but does not match as well with EPIdose using the
depth dependent kernel method than with EPIdose using the original kernel method.

A 2D Gamma function can be used to compare Eclipse with EPIdose and film. The
Gamma map shown in Figure 46 is the result of Eclipse and EPIdose using the original
kernel and depth dependent kernel methods for the Prostate IMRT plan.

92

Figure 46: 2D Gamma map of the Prostate IMRT plan comparing Eclipse and EPIdose
using the original kernel method on the left and the depth dependent kernel method on the
right

The resultant Gamma pass for the original kernel method was 0.975 and for the depth
dependent kernel method it was 0.905. Figure 47 and Figure 48 are profile comparisons in
the X and Y direction for the Prostate IMRT plan using the original and depth dependent
kernel methods.

Figure 47: X profile comparison of Eclipse and EPIdose for a Prostate IMRT plan on CAX
for the original (left) and depth dependent (right) kernel methods.
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Figure 48: Y profile comparison of Eclipse and EPIdose for a Prostate IMRT plan on CAX
for the original (left) and depth dependent (right) kernel methods.

6.4.3

C-shape IMRT Plan

The next plan with increased complexity was a C-shape IMRT plan. Film was compared to
Eclipse TPS and EPIdose, and EPIdose and the TPS were also compared.

6.4.3.1

TPS compared to Film

The 2D Gamma analysis of film and Eclipse TPS was analysed using the code in Matlab
and the result was the fraction less than one being 0.945 which is greater than the
accepted value of 0.88 – 0.90 for composite irradiations. Figure 49 displays the Gamma
map with the high dose region shown in blue.
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Figure 49: 2D Gamma map of the comparison between film and Eclipse TPS for the Cshape plan for the high dose region.

Figure 50 displays the X and Y profile comparison between film and the TPS with a good
match in the high dose region and film showing a higher dose in the low dose regions for
criteria of 3%, 3mm. The high dose gradient regions show a good match between the two.

Figure 50: X & Y PTV profile comparison of film and Eclipse TPS for the C-shape IMRT
plan.
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6.4.3.2

EPIdose compared to Film

Using the 2D Gamma analysis in Matlab, film was compared to EPIdose. The Gamma
result comparing film to the original kernel method in EPIdose was 0.944 and for the depth
dependent kernel method it was 0.938. This gives a difference of -0.6% from EPIdose
using the original kernel method. These values are an acceptable value according to
Ezzell et. al.42 Figure 51 displays the Gamma map of the original and depth dependent
kernel followed by X and Y profiles for the C-shape IMRT plan in Figure 52 and Figure 53
respectively.

Figure 51: 2D Gamma map for the C-shape IMRT plan comparing film and EPIdose using
the original (left) and depth dependent (right) kernel methods.

Figure 52: Film and EPIdose Y profile comparison for C shape using the original method
(left) and the depth dependent kernel method (right).
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Film shows a slightly larger dose in the low dose region when comparing to EPIdose for
both the original and depth dependent kernel methods.

Figure 53: Film and EPIdose X profile comparison for C-shape using the original kernel
method (left) and the depth dependent kernel method (right)

6.4.3.3

EPIdose compared to TPS

From EPIdose, the calculated dose was 53.7 cGy at the isocentre and the reconstructed
dose was 54.8 cGy. This gives a total difference of 2.3% at isocentre (0, 0, 0) and 1.1 cGy
difference.

Using the original kernel method in EPIdose, the mean weighted difference was 0.4% with
a Chi result of 0.14. The standard deviation of the difference is 3.6% with a Chi result of
1.19. The depth dependent kernel method results gave a mean weighted difference of
0.8% with a Chi result of 0.27. The standard deviation of the difference is 3.9% with a Chi
result of 1.31. Figure 54 shows the portal image dose on the left and Eclipse dose on the
right for the C-shape IMRT plan.
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Figure 54: C-shape portal image dose (left) and Eclipse dose (right) from EPIdose.

Figure 55 shows the Chi function result from EPIdose for the C-shape IMRT plan using the
original kernel method (left) and the depth dependent kernel method (right). The difference
is difficult to see but the for the original kernel method, the Gamma map is failing more
outside the high dose region than the depth dependent kernel method. The central region
of the plan has a small section out of tolerance as shown in the blue.

Figure 55: Chi result for C shape IMRT plan using original kernel method (left) and the
depth dependent kernel method (right) in EPIdose.

Table 8 show the percentage of points within the Chi ranges for the high dose region with
the original kernel method on the left and the depth dependent kernel method on the right.

98

Table 8: Histogram of % of points within the Chi range for the high dose region for the C
shape plan using original kernel method (left) and the depth dependent kernel method
(right).
Chi range

% of points

Chi range

% of points

-inf to -2

3.6

-inf to -2

3.6

-2 to -1

8.6

-2 to -1

8.7

-1 to 0

27.8

-1 to 0

25.1

0 to 1

41.9

0 to 1

38.1

1 to 2

14.7

1 to 2

19.0

2 to inf

3.3

2 to inf

5.5

In the high dose region the original kernel method gave better results of 69.7% compared
to 63.2% for the depth dependent kernel method when comparing the central region (±1).

The percentage of hotspots was found to be 26.7% for the original kernel method and
33.4% for the depth dependent kernel method.

EPIdose also showed that in the low dose region the mean weighted difference was 1.8%
with a standard deviation of 3.0% for the original kernel method and a mean weighted
difference of 0.8% with a standard deviation of 2.8% for the depth dependent kernel
method.

Table 9 shows the Chi range with the percentage of points falling within the Chi range for
the low dose region for both the original and the depth dependent kernel methods.
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Table 9: Histogram of % of points within the Chi range for the low dose region for the C
shape IMRT plan using the original kernel method (left) and the depth dependent kernel
method (right)
Chi range

% of points

Chi range

% of points

-inf to -2

0.1

-inf to -2

0.4

-2 to -1

2.0

-2 to -1

4.4

-1 to 0

28.0

-1 to 0

38.4

0 to 1

39.5

0 to 1

37.1

1 to 2

21.3

1 to 2

15.9

2 to inf

9.0

2 to inf

3.9

There is an improvement in the depth dependent kernel method of the percentage of
points within the ±1 Chi range for the low dose region with a result of 75.5% compared to
67.5% from the original kernel method.

Using a 2D Gamma analysis in Matlab, Eclipse and EPIdose can be compared using the
original kernel and depth dependent kernel methods. Figure 56 shows the Gamma map for
the original and the depth dependent kernel methods for the C-shape IMRT plan.

Figure 56: 2D Gamma map comparison of a C-shape IMRT plan using the original kernel
method (left) and the depth dependent kernel method (right)
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Figure 57 and Figure 58 shows the X and Y profile comparison between EPIdose and
Eclipse TPS using the original kernel and the depth dependent kernel methods. Eclipse
shows a slight under response in the comparison.

Figure 57: Eclipse and EPIdose Y profile comparison for C shape using the original kernel
method (left) and the depth dependent kernel method (right)

Figure 58: Eclipse and EPIdose X profile comparison for C shape using the original kernel
method (left) and the depth dependent kernel method (right)

The percentage that passed with a fraction less than 1 was 0.799 for the original kernel
method and 0.811 for the depth dependent kernel method. This gave a slight improvement
of 1.2% from the original kernel method used in EPIdose. The improvement can be seen in
the low dose region of the profile.
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6.4.4

Head and Neck IMRT plan

The final plan selected for comparison was a head and neck IMRT test plan. Film was
compared to Eclipse TPS and EPIdose, and EPIdose and the TPS were also compared.
6.4.4.1

TPS compared to Film

The 2D Gamma analysis of film and Eclipse TPS was made in Matlab and the result of the
fraction less than one being 0.926 which is above the accepted value. Figure 59 below
displays the Gamma map for the H&N IMRT plan. The region outside the high dose region
shows a Gamma result greater than 1.

Figure 59: 2D Gamma map between film and Eclipse TPS for a head and neck IMRT plan.

Figure 60 below shows the X and Y profile comparison between film and TPS with film
displaying a higher dose in the low dose region when compared to the TPS and a match in
the high dose region for both the X and Y profiles.
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Figure 60: X & Y profile comparison between film and Eclipse TPS for head and neck
IMRT plan.
6.4.4.2

EPIdose compared to Film

Using the 2D Gamma analysis in Matlab, it was possible to compare EPIdose to film
results for the original kernel method and the depth dependent kernel method. The
Gamma fraction less than 1 was 0.923 for the original kernel and 0.917 for the depth
dependent kernel. Both of these Gamma results are above the accepted value of 88 –
90% for radiographic film. Figure 61 below show the comparison between the two methods
in the form of a Gamma map. The red islands in the Gamma map are decreased in volume
but increased slightly in number.

Figure 61: 2D Gamma map comparison for the H & N IMRT plan for film and EPIdose
using the original kernel method (left) and the depth dependent kernel method (right).
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Figure 62 and Figure 63 shows the X and Y profile comparison between film and EPIdose
using the original and depth dependent kernel methods. There seem to be good
agreement in both profiles.

Figure 62: Y profile comparison between EPIdose and film for the head and neck IMRT
plan using the original kernel method (left) and depth dependent kernel method (right).

Figure 63: X profile comparison between EPIdose and film for the head and neck IMRT
plan using the original kernel method (left) and depth dependent kernel method (right).

The original kernel method produces a slight improvement over the depth dependent
kernel method by 0.6%. However, in the high dose region there is no real difference shown
from the above figures of film and EPIdose.
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6.4.4.3

EPIdose compared to TPS

From EPIdose, the calculated dose was 207.3cGy compared to a reconstructed dose of
203.4cGy giving a difference of -1.9%.

Using the original kernel method in EPIdose, the mean weighted difference was -1.7% with
a Chi result of -0.58. The standard deviation of the difference is 1.7% with a Chi result of
0.58. The mean weighted difference for the depth dependent kernel method was -1.7%
with a Chi result of -0.56 and a standard deviation of 1.8% with a Chi result of 0.59. Figure
64 below shows the portal image dose on the left and Eclipse dose on the right with little
noticeable difference in the high dose region as illustrated in a point dose measurement
above.

Figure 64: The portal image dose (left) and the Eclipse dose (right) from EPIdose for the
head and neck IMRT plan

Figure 65 shows the Chi function result from EPIdose for the head and neck IMRT plan
using the original kernel method (left) and the depth dependent kernel method (right). The
Gamma map for the depth dependent kernel method shows a larger overall region
between ±1.
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Figure 65: The Chi function result for the head and neck IMRT plan with the original kernel
method on the left and the depth dependent kernel method on the right.

Table 10 below shows the percentage of points within the Chi ranges for the high dose
region with the original kernel method on the left and the depth dependent kernel method
on the right.

Table 10: Histogram of % of points within the Chi range for the high dose region for the
head and neck plan using original kernel method (left) and the depth dependent kernel
method (right).
Chi range

% of points

Chi range

% of points

-inf to -2

1.6

-inf to -2

1.6

-2 to -1

18.1

-2 to -1

17.6

-1 to 0

65.3

-1 to 0

64.5

0 to 1

14.8

0 to 1

16.0

1 to 2

0.2

1 to 2

0.4

2 to inf

0.0

2 to inf

0.0

In the high dose region the depth dependent kernel method gave slightly better results of
80.5% compared to 80.1% for the original kernel method when comparing the points within
±1 Chi range.
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The percentage of hotspots was found to be 0.4% for the original kernel method and 0.5%
for the depth dependent kernel method.

EPIdose also showed that in the low dose region the mean weighted difference was -0.6%
and a standard deviation of 1.7% for the original kernel method and a mean weighted
difference of -0.5% and a standard deviation of 1.8% for the depth dependent kernel
method.

Table 11 below shows the Chi range with the percentage of points falling within the range
for the low dose region for both the original and the depth dependent kernel methods.

Table 11: Histogram of % of points within the Chi range for the low dose region for the
head and neck IMRT plan using the original kernel method (left) and the depth dependent
kernel method (right)
Chi range

% of points

Chi range

% of points

-inf to -2

0.5

-inf to -2

0.5

-2 to -1

7.0

-2 to -1

6.8

-1 to 0

55.9

-1 to 0

52.0

0 to 1

36.1

0 to 1

39.4

1 to 2

0.4

1 to 2

1.3

2 to inf

0.0

2 to inf

0.0

There is an improvement in the depth dependent kernel method of 0.6% for the
percentage of points within the ±1 Chi range for the low dose region with a result of 92%
compared to 91.4% from the original kernel method.
Using a 2D Gamma analysis in Matlab, Eclipse and EPIdose can be compared for the
original kernel method and the depth dependent kernel method. The first will be Eclipse
and EPIdose using the original kernel method with Eclipse being the reference for the
Gamma analysis. The second comparison will be of Eclipse and EPIdose using the depth
dependent kernel method. Figure 66 below shows the Gamma map for the original kernel
method and the depth dependent kernel method with an improvement seen in the depth
dependent kernel method.
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Figure 66: 2D Gamma map for the head and neck IMRT plan between Eclipse and
EPIdose with the original kernel method on the left and the depth dependent kernel
method on the right

Figure 67 and Figure 68 are the profile comparisons between EPIdose and Eclipse TPS
along the CAX in the X and Y direction respectively. The X profile shows a match in the
whole region with the Y profile showing Eclipse to under dose in the low dose region
outside the high dose region.

Figure 67: X profile comparison of EPIdose and Eclipse TPS for the head and neck IMRT
plan with the original kernel method on the left and the depth dependent kernel method on
the right.
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Figure 68: Y profile comparison of EPIdose and Eclipse TPS for the head and neck IMRT
plan with the original kernel method on the left and the depth dependent kernel method on
the right.

The percentage that passed using the Gamma analysis with a fraction less than 1 came to
be 0.929 for the original kernel method and 0.960 for the depth dependent kernel method.
The depth dependent kernel method improves the profiles in the low dose region as can
be seen from Figure 68 above. The percentage increase in the pass value is 3.1%.

The depth dependent kernel was expected to perform superiorly in the low dose regions of
the treatment plans due to the kernel optimisation at multiple depths and not just at 10 cm
depth. From the small amount of IMRT treatment plans tested, the improvement wasn‟t as
significant as was expected but there was some benefits. The depth dependent kernel was
also found not to under perform compared to the original kernel method. In the high dose
region the depth dependent kernel was comparable compared to the original kernel.

During the 3D and 2D analysis it was found that in one case the original kernel method
gave a small benefit compared to the depth dose modelling and it is possible that the
original kernel method optimising at 10 cm depth was compensating for the poor depth
dose modelling. Overall, this method did provide a much faster approach to IMRT pre
treatment patient QA than is currently used in the clinic.
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Chapter 7:

CONCLUSION

The aim of this project was to implement and further develop a kernel correction for the 3D
method of dose reconstruction in a virtual phantom developed by Ansbacher from EPID in
air data to provide a fast and accurate method for IMRT verification. Measured EPID data
converted to 3D data in a virtual cylindrical phantom was then compared to measured film
data and Eclipse TPS using the original and depth dependent kernel methods.

The 10 x 10 cm² field plan showed an improvement in the depth dependent kernel method
for the high dose region when compared with EPIdose and Eclipse TPS using the 3D Chi
analysis. In the low dose region, the results were comparable. With the 2D Gamma
analysis there was only a slight improvement of 0.2% for the depth dependent kernel.
Between film and EPIdose, the depth dependent kernel method also showed an
improvement of 4.1%. The film compared to Eclipse TPS gave a Gamma result of 95.3%
which is an acceptable value.

The 3 field composite plan with no MLCs, showed an improvement with the depth
dependent kernel method in both the high dose and low dose regions using the 3D Chi
analysis. The 2D Gamma analysis only showed a 0.1% improvement with the depth
dependent kernel method. Film and EPIdose results showed a slight improvement of 1.5%
for the depth dependent kernel method. Comparing film to Eclipse TPS, the result was
90.2% which gives an accepted result for a pass.

More complex IMRT plan tests involved the MLCs. A Prostate IMRT plan gave comparable
results in both the high dose and low dose region when compared to EPIdose and Eclipse
TPS using the 3D Chi analysis. The 2D Gamma analysis showed that the original kernel
method gave better results than the depth dependent kernel method by 7%. Film results
showed an improvement of 2.2% for the depth dependent kernel method when comparing
to EPIdose using the Gamma analysis. Film compared to the planning system gave a
result of 83.3% which is considered a pass.

Moving up in complexity, the C-shape IMRT plan showed that the original kernel method
was slightly better in the high dose region when comparing Chi results of 0.14 compared to
0.27 for the depth dependent kernel method. The low dose region for EPIdose and Eclipse
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comparison showed a larger improvement of 0.33 for the depth dependent kernel method
for a Chi result less than 1 producing a pass result. The 2D Gamma analysis gave an
improvement of 1.2% for the depth dependent kernel method. Film compared to EPIdose
showed that the original kernel method gave slightly better results by 0.6%. When
comparing film to the planning system the result of 94.5% was above the acceptable
percentage pass value.

The H&N IMRT test case showed that for both the high dose and low dose regions when
comparing EPIdose and Eclipse using the 3D Chi analysis that the results were
comparable. There was very slight improvement in the high dose region of only 0.02 for
the depth dependent kernel method. The 2D Gamma analysis showed a much larger
improvement for the depth dependent kernel method of 3.1%. Film compared with
EPIdose resulted in the original kernel method giving better results by 0.6% and
comparing to the planning system a pass value of 92.6%.

The choice of treatment plans started with a basic 10 x 10 cm² field to obtain a consistent
method and setup for further plans followed by a slow increase of complexity from a 3 field
composite plan to an H&N IMRT plan. The time taken to verify these plans would be
increased as the complexity increases if using the traditional approach. However, with
EPIdose, the time taken for verification analysis stays approx the same regardless of
complexity. This is due to the EPI images taken in air for each field and comparing to the
exported Eclipse TPS in the software.

The implementation of the depth dependent kernel gave an overall improvement on the
original kernel method in EPIdose. In some cases the depth dependent kernel method and
the original kernel method gave comparable results and in only one case there was a
small benefit with the original kernel method.

The dose modelling of the percentage depth dose at depth less than 5 cm needs to be
improved in both models. This could improve the results in the low dose region of the plan
at shallow depths in the entrance beams.
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The EPID CAX is another limitation to this method. Currently the EPID CAX is found from
the geometric centre of the 10 x 10 cm² calibration image. This will introduce errors
because the CAX will depend on the accuracy of jaw positioning.

The method of 3D dose verification for IMRT using a-Si EPIDs has shown to be accurate
and fast. The method is comparable to other pre treatment IMRT verification methods. The
main advantage of this method over conventional checks is that a phantom does not need
to be deployed on the treatment couch.

The key findings of this thesis are:
1 – The 3D EPIdose method is a practical replacement for real phantom IMRT verification
methods.
2 – Chi analysis was presented as an appropriate method of assessing IMRT dose
comparisons.
3 – The original and depth dependent kernel method agrees with Eclipse TPS and film
phantom measurements.
The depth dependent kernel did not out perform the original kernel method between 1 cm
and 5 cm but in all other regions the depth dependent kernel was superior and therefore it
is recommended to implement the depth dependent kernel into the 3D method, EPIdose.
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CHAPTER 9:

APPENDIX – MATLAB CODE FOR GAMMA ANALYSIS

The steps involved in the in house code for the Matlab program for a 2D gamma
comparison is given below.

1. Load the first dose map

2. Get the SAD for the film or TPS to scale to 100 , EPID already at 100
3. Load the second dose map
4. Get the SAD for the film or TPS to scale to 100 , EPID already at 100
5. Rescale to Reference Plane
6. Resample IMAGE 1 Film/TPS to IMAGE 2 scale
7. Make coordinate axes for the second and first re-sampled image

8. Images now same size, crop one image before auto alignment
9. AUTOPOSITION (image1, image2) will register image1 to image2
10. Register image 1 (fraction) to image2 (First Day image)
11. Returns different sized matrices to previous or even shrunk
12. Define new X and Y coordinates for the smaller shifted dose maps
13. Reassign the dose maps
14. Normalise image anywhere
15. Compare using Gamma function
16. Display gamma map and gamma fraction
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